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'ABSTRACT 


This  document  summarizes  results  of  objective  studies  to  research, 
develop  and  evaluate  concepts  and  state-of-the-art  technology  in 
the  area  of  advanced  flight  controllers  for  aerospace  vehicles. 
Studies  were  centered  upon  concepts  which  promised  applicability 
to  VTOL  aircraft,  with  special  attention'  devoted  to  sidearm  con¬ 
trollers.  The  general  conclusion  is  that  evolutionary  improvement 
to  existing  controller  configurations  promises  greater  overall 
acceptance  and  technological  success  than  do  revolutionary  con¬ 
cepts.  An  extensive  bibliography  is  provided  in  the  Appendices. 
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1.  INTRODUCTION 

1.1  Objective  -- 

The  objective  of  this  study  was  to  research,  develop  and  evaluate 
concepts  for  improved  flight  controllers  for  aerospace  vehicles, 
with  special  emphasis  on  velocity-stabilized  VTOL  aircraft.  This 
document  summarizes  results  of  efforts  in  this  area  accomplished 
under  1967  and  1968  IR&D  funding. 

1 . 2  Background 

Man's  concern  over  the  ease  and  accuracy  with  which  he  can  perform 
manipulative  tasks  is  at  least  as  old  as  the  histories  of  physiology 
and  psychology  themselves  (References  1  through  6).  It  is  not  sur¬ 
prising  to  find  that  by  the  turn  of  the  century  man  was  rather 
deeply  engrossed  in  identifying  and  measuring  those  parameters 
closely  associated  with  his  capability  to  perform  manipulative 
functions  (References  7,  8,  9  and  10).  While  controller  efforts- 
around  1900  had  been  restricted  primarily  to  control  of  machinery 
(Reference  11)  which  evolved  as  part^of  the  Industrial  Revolution, 
the  post-1900  era  opened  whole  new  areas  of  challenge  in  vehicular 
control.  Before  the  flying-machine  was  ten  years  old,  at  least 
half  a  dozen  methods  had  been  proposed  for  improving  the  control 
devices.  Even  before  the  basic  problems  of  aerodynamic  stabiliza¬ 
tion  and  steering  control  had  been  solved  satisfactorily,  control 
designers  were  becoming  concerned  over  the  requirement  to  exercise 
simultaneous  control  over  a  multiplicity  of  parameters  in  both 
independent  and  coordinated  modes.  One  of  the  first  flight  .con¬ 
troller  problems  became  that  of  providing  simultaneous  control  over 
two  operational  parameters  with  a  single  control  device.  The  selec¬ 
tion  of  which  two  operational  parameters  should  be  controlled  has 
been  a  matter  of  aviation  history. 

Since  the  beginning  of  powered  flight,  control  systems  and  the 
control  devices  for  coupling  the  operator  to  the  flight  control 
systems  have  centered  ‘about  the  power-attitude  control  concept. 
Whether  this  was  an  accidental  evolution  which  has  withstood  the 
test  of  time  because  of  its  directness  and  simplicity,  or  whether 
it  was  a  logically  perfect  and  natural  evolution  which  cannot  be 
improved  upon  is  of  little  importance  to  this  study.  The  important 
fact  is  that  through  60  years  of  being  subjected  to  whatever 
challenges  mankind  has  cared  to  impose,  power-attitude  flight  con¬ 
trol  has  emerged  victorious  as  the  primary  mode  of  control  for  all 
powered  aerospace  vehicles.  Consequently,  one  might  expect  that 
any  system  which  proposes  other  than  power-attitude  control  must 
have  more  convincing  arguments  than  have  been  developed  in  the  past 
if  it  is  to  be  accepted  or  even  considered.  While  flight  control 
systems  have  remained  relatively  unchanged  in  concept,  the  same  is 
not  true  of  controllers .  The  mechanical  control  stick  and  control 
column  have  been  the  two  major  contenders  for  attitude  control, 
but  both  suffer  the  major  shortcomings  of  blocking  the  pilot's 
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of  the  instrument  panel  and  of  hampering  ingress  and  egress. 
Directional  controllers  have  remained  consistently  a  coordinated 
combination  of  stick  or  yoke  induced  roll  attitude  and/or  direc¬ 
tional  pedal  control.  Similarly,  power  control  has  centered  about 
the  control  of  power  through  throttles,  collective  handles  or 
thrust  levers,  and  the  control  of  the  rpm  of  something  -  prop, 
rotor,  or  turbine  shaft. 

As  the  number  of  discrete  controls  and  manipulative  functions  in¬ 
creased  along  with  increased  operational  capabilities ■ and  asso¬ 
ciated  increased  avionics  complexity,  it  became  necessary  to  reduce 
the  pilots  flight  control  burden  by  delegating  flight  control  tasks 
to  automated  pilot-assist  functions.  The  autopilots  of  the  1930's 
provided  for  nothing  more  than  stabilization  of  the  aircraft  about 
some  set  of  steady  state  flight  parameters.  To  change  this  state, 
the  pilot  had  to  revert  to  the  conventional  control  system,  estab¬ 
lish  a  new  state,  and  command  the  autopilot  to  maintain  the  new 
state.  In  a  further  attempt  to  simplify  this  task,  continuously 
variable  controls  were  added  to  the  autopilot,  so  that  reversion  ■ 
to  the  primary  mode  was  not  required  to  effect  changes.  By 
manipulating  the  autopilot  functions,  the  pilot  could  couple 
manually  limited  guidance  functions  with  the  flight  control  func¬ 
tions.  Later  innovations  directly  coupled  automatically  generated 
guidance  information  into  the  autopilot  for  automatic  flight  con- 

«ol  during  some  phases ‘of '  the  mission  profile.  But  always  the 
[Lot  had'  the  option  of  assuming  manual  control  of  or  reversion 
the  primary  power-attitude  flight  control  system.  Consequently 
one  concludes  that  even  though  conventional  sticks,  columns  and 
foot  pedals  have  some  shortcomings,  they  have  been  maintained  for 
primary  control.  In  other  than  the  primary  mode,  those  flight 
control  functions  which  may  be  automated  for  pilot  relief  during 
particular  phases  of  flight  must  be  under  his  command.  Addi¬ 
tionally,  even  though  an  automated  or  assist  mode  is  provided, 
the  pilot  must  be  able  to  revert  to  direct  primary  manual  control 
of  the  vehicle-,  either  with  degradation  in  performance  and  in¬ 
creased  task  loading,  or  with  provisions  for  improved  control  of 
continuously  variable  parameters  for  which  pilot  relief  was  not 
provided. 

In  early  1960  MIT  convinced  AVLABS  that  there  were  advanced  flight 
control  concepts  (AFCC)  which  merited  consideration  as  a  replace¬ 
ment  for  power-attitude  flight  control  (PAFC) .  A  subsequent  pro¬ 
gram  at  MIT  demonstrated  the  feasibility  of  AFCC  in  some  portions 
of  the  NCH-46  flight  envelope  and  AVLABS  decided  to  pursue  develop¬ 
ment.  The  arguments  associated  with  a  comparison  of  AFCC  and  PAFC 
are  inappropriate  here,  for  it  is  obvious  that  each  new  flight 
control  system,  regardless  of  whether  AFCC  or  PAFC,  will  offer  ad¬ 
vantages  over  the  existing  flight  control  systems  in  whatever  class 
of  vehicle  is  being  (considered.  It  is  equally  obvious  that  the 
present  controller  concepts  will  be  at  least  as  unsatisfactory  for 
ture  flight  control  systems  as  they  are  for  present  systems. 


SHEET  10 


FORM  4«2B4  (2/66). 


THE 


COMPANY 


NUMBER  D8-2424-1 
REV  LTR 


Perhaps  it  is  appropriate  .at  this  point  to  examine  the  improvements 
,  desired  in  advanced  flight  control  systems.  Once  these  have  been 
defined,  it  then  becomes  easier  to  describe  and  evaluate  new  con¬ 
cepts  'for  coupling  the  operator  to  those  systems. 

1  •  3  Flight  Control  Systems 

The  flight  control  system  is  perhaps  the  system  most  subject  to 
pilot  factors,  and  one  of  the  many  which  impose  limitations  on  the 
effectiveness  of  aircraft  operations.  Through  the  years  much 
effort  has  been  expended  in  identifying  and  understanding  inherent 
helicopter  flight  control  parameters  and  in  determining  values 
which  will  provide  the  best  control  system  characteristics  for  VTOL 
aircraft.  Considerable  effort  also  has  been  expended  in  investi¬ 
gating  the  human  factors  involved  in  VTOL  aircraft  control. 
Unfortunately,  too  often  the  pilot  has  been  placed  outside  the 
control  loop,  or  at  most,  been  considered  the  end  point  of  an  open 
loop  control  system.  At  this  point,  it  should  be  understood  that 
in  all  manned  aircraft,  the  pilot  is  at  all  times  responsible  for 
the  control  of  the  aircraft.  Responsibility  for  control  implies, 
by  the  definition  of  control: 

A.  Regulating  the  aircraft  and  its  systems  to  keep  them 
within  safe  operating  limits. 

.Directing  the  aircraft  performance  to  assure  successful 
accomplishment  of  assigned  mission  responsibilities. 

C,  In  cases  of  conflicting  requirements  which  make  mandatory 
the  ordering  of  Items  A  and  B  above,  decision  making  to 
determine  which  shall  be  sacrificed,  mission  effective¬ 
ness  or  safety. 

If  a  pilot  is  assigned  mission  and  control  responsibilities,  he 
must  be  provided  also  with  the  command  authority  necessary  to 
effect  control  until  such  time  as  he  is  relieved  of  his  responsi¬ 
bilities.  It  should  be  realized  that  ho  avionics  system  devisable 
can  relieve  a  pilot  of  man-assigned  responsibilities;  it  can  only 
•be  designed  to  assist  the  pilot  in  exercising  his  command  authority 
in  the  fulfillment  of  these  responsibiliti'es . 

Paraphrasing  all  of  this  into  simple  words  which  an  avionics  design 
engineer  might  grasp  more  easily,  any  avionics  device  designed  to 
assist  a  pilot  in  exercising  his  command  authority  must: 

A.  Operate  only  when  commanded  to  do  so  by.  the  pilot. 

B.  When  operating,  do  the  job  better  than  the  pilot  can 
by  some  standard  of  "betterness " ,  such  as  speed, 
accuracy,  etc. 

C.  When . not  operating,  must  not  degrade  the  pilot's 
ability*  to  do  the  job  himself. 
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|^!reral  research  programs  have  been  sponsored  by  both  government 
and  industry  for  the  definition  of  a  practical,  advanced  flight 
control  system  which  will  provide  "optimum"  control-characteristics 
for  VTOL  aircraft.  If  the  general  mandatory  considerations  out¬ 
lined  above  for  command/control  are  complemented  with  measures  to 
satisfy  safety,  comfort  and  performance  requirements,  a  set  of 
guidelines  can  be  devised  for  the_  design  of  VTOL  control  systems. 
These  latter  requirements  are  listed  in  greater  detail  as  follows: 

A .  Safety 

(1)  Must  automatically  maintain  aircraft  control  param¬ 
eters  within  the  established  aircraft  stress  and 
control  recoverability  limits  when  under  automatic 
operation  and  must  accept  pilot  limitations  when 
under  non-automatic  operation. 


(2)  Must  provide  automatically  those  control  functions 
necessary  to  relieve  the  pilot  of  physical  and 
psychological  fatigue  burdens  to  the  maximum  extent 
possible. 

B.  Command 


(1) 


Must  give  the  pilot  the  choice  of  automatic  or 
manual  control  of  the  system. 


(2)  Must  accept  both  direct  and  corrective  commands 

from  the  pilot  when  operating  in  the  automatic  mode. 


(3)  Must  return  complete  flight  control  authority  to 
the  pilot  in  the  failure/manual  mode. 

C .  Performance 

(1)  Must  automatically  sense,  analyze  and  react  to 

aircraft  and  control  system  parameters  to  maintain 
maximum  performance  for  a  selected  set  of  operating 
conditions . 


(2)  Must  have  optimized  display  and  controls  to  reduce 
scanning,  facilitate  data  interpretation,  resolve 
natural/synthetic  cueing  ambiguities,  facilitate 
decision  making,,  and  simplify  control  action  in 
both  the  automatic  and  non-automatic  modes. 

(3)  Must  accept  inputs  from  available  automatic  naviga¬ 
tion,  weather  avoidance,  terrain  avoidance,  and 
other  flight  safety  and  comfort  devices. 
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D .  Cost/Ef f ectiveness 

(1)  Must  be  as  inexpensive,  light,  small,  adaptable, 
maintainable,  reliable,  efficient,  survivable, 
available,  safe,  and  simple  as  possible,  consistent 
with  the  requirements  above. 

Most  of  these  requirements  are  interrelated  in  such  a  manner  that 
a  change  in  the  methods  for  satisfying  one  requirement  often  will 
affect  other  requirements.  For  example,  if  ease  of  operation  is 
effected  to  reduce  physical  fatigue,  it  is  also  possible  that 
safety  may  be  increased  and  training  requirements  may  be  reduced. 
However,  it  is  perhaps  easiest  to  consider  each  requirement  on  its 
individual  merit  to  see  how  controller  requirements  might  be 
affected.  After  all  requirements  have  been  defined  for  the  con¬ 
troller,  one  theij  may  interrelate-  and  trade-study  these  require¬ 
ments  from  the  system  standpoint. 

1 . 4  Safety 

First,  let  us  look  at  the  safety  aspects  in  greater  detail.  An 
expressed  desire  for  increased  safety  in  any  system  implies  an 
existing  deficiency  in  the  safety  area  or  the  potential  for_  acci¬ 
dental  loss  of  life  or  material.  To  determine  where  advanced 
controller  concepts  might  best  contribute  to  increased  safety,  a 
study  was  made  of  the  relationship  of  pilot  factors  to  Army  rotary 
wing  aircraft  accidents.  The  results  of  this  study -were  reported 
in, detail  (Reference  12),  but  the  more  important  facts  are  repeated 
here.  * 

1)  For  operation  in  USARVN,  accidental  loss  of  aircraft 
and  accidental  aircraft  fatalities  outnumber  combat 
aircraft  losses  and  combat  aircraft  fatalities  by 
about  2:1. 

2)  Repair  and/or  replacement  of  aircraft  accidentally 
damaged  in  RVN  operations  is  costing  the  U.S.  Army 
in  excess  of  $5,000,000  per  month. 

3)  RVN  operations  involve  more  than  100,000  helicopter 
flying  hours  per  month  with  associated  accident  rates 
of  about  3  x  10-^  per  flight  hour  (30  per  month) . 

4)  Pilot  factors  are  involved  in  79%  of  all  accidental 
damage  or  losses  in  RVN  operations. 

5)  The  four  major  helicopter  pilot  factors  are: 

a)  Loss  of.rpm,  high  gross  weight,  high 

density  altitude  ;  15% 

b)  Improper  use  of  flight  controls  i  15% 
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• 

c)  Misjudgment  of  altitude,  distance 

position 

or 

15% 

d)  Failure  to  see  aircraft  or  object 

time  to  avoid  collision. 

in 

14% 

Review  of 
somewhat 

19  major  CH-47  accidents  (Reference  13) 
similar  to  those  expressed  in  paragraph 

reveals 
(5)  above 

results 
r  i  •  e  .  : 

a) 

Loss  of  rpm,  high  gross  weight,  high  density 
altitude 

28% 

b) 

Pilot  not  IFR  qualified 

17% 

c) 

i 

No  ground  reference 

11% 

Taxi  maneuvering 

11% 

e) 

Failure  to  see  object  in  time  to  avoid 
collision  (or  near  miss) 

17% 

f) 

Improper  use  of  flight  controls 

5% 

Perhaps  it  is  worthwhile  at  this  point-  to  draw  several  conclusions 
these  two  reports : 


1)  Since  accidental  losses  outnumber  combat  losses  by 
about  2:1,  it  would  appear  that  a  50%  reduction  in 
accidents  might  represent  as  great  a  savings  as  a 
100%  reduction  in  combat  vulnerability.  Certainly 

.  the  former  would  be  easier  to  realize. 

2)  Loss  of  rpm,  high  gross  weight,  high  density  altitudes, 
misjudgment  of  altitude,  misjudgment  of  position, 

mis judgment  of  distance,  and  failure  to  see  obstacles 
all  pertain  to  information  which  the  pilot  requires 
and  does  not  have  available  in  the  cockpit.  This 
deficiency  is  associated  with  44%  of  the  pilot 
factors.  Improper  use  of  flight  controls  accounts 
for  5  to  15%  of  the  pilot  factors.  It  would  appear 
then  that  a  33%  improvement  in  sensors  and  displays 
might  represent  as  great  a  savings  as  a  100%  improvement 
in  flight  controls,  and  again  the  former  seems  more 
achievable. 

3)  It  is  possible  that  twelve  of  the  nineteen  CH-47  major 
accidents  might  have  been  avoided  with  the  addition  of 
performance,  navigation  and  collision  avoidance  equipment 
and  displays.  Only  two  of  the  nineteen  might  have  been 
avoided  with  improved  controls. 
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In  view  of  these  conclusions,  studies  were  made  of  twelve  advanced 
flight  control  configurations  which  showed  potential  for  reducing 
accidents.  Pilots  and  engineers  were  questioned  to  assess  their 
feelings  regarding  the  potential  of  each  configuration  m  this 
respect.  A  computer  program  was  used  to  analyze  the  answers  to  the 
questionnaires,  with  the  following  results: 

a)  The  addition  of  an  improved  control  system  to  the 
basic  CH-47  might  reduce  accidents  by  as  much  as  11%. 

b)  The  addition  of  improved  displays  to  the  basic  CH-47 
might  reduce  accidents  by  as  much  as  16%. 

c)  The  addition  of  improved  control  and  display  systems 
into  an  advanced  integrated  cockpit  might  reduce 
accidents  by  as  .much  as  32%. 

The  purpose  of  introducing  these  conclusions  has  not  been  to  argue 
the  importance  of  either  controllers  or  displays,  but  merely  to 
pave  the  way  for  comments  and  reactions  which  will  be  reporte 
later  concerning  the  relative  merits  of  improved  displays  versus 
improved  controllers. 
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PRELIMINARY  CONCEPTS 

2 . 1  AVLABS  Preliminary  Concept  v 

AVLABS  initial  concept  for  an  advanced  flight  controller  for  the 
Tactical  Aircraft  Guidance  System  (TAGS)  is  best  described  in  the 
early  TAGS  briefings  given  by  AVLABS  in  an  attempt  to  arouse 
technical  and  financial  interest  in  the  TAGS  development.  "A 
description  of  the  TAGS  four-axis  controller  illustrates  the  in¬ 
stinctive  simplicity  of  the  flight  control  concept.  The  controller 
resembles  a  ' T' -handle,  mounted  at  a  45  degree  slant  rearward 
(towards  the  pilot)  with  the  pilot's  grip  being  at  the  top  of  the 
'T'.  Visualize  a  small  model  of  the  aircraft  as  the  pilots  grip, 
where  movement  of  the  model  produces  a  corresponding  movement  of 
the  actual  aircraft,  i.e.,  straight  fore  and  aft  translational 
movement  commands  a  change  in  speed  in  the  chosen  direction  pro¬ 
portional  to  displacement,  which  is  ground  referenced  in  hover  and 
air  mass  referenced  in  cruise  flight;  straight  right  or  left 
translational  movement  commands  transverse  speed  proportional  to 
displacement  which  is  ground  referenced  in  hover  and  air  mass  re¬ 
ferenced  in  cruise  flight  (used  in  cruise  flight  only  to  command 
intentional  sideslip) ;  right  or  left  angular  rotation  of  the 
pilot's  grip  (bank  and  turn  of  the  aircraft  model)  commands  a  turn- 
whose  rate  of  change  is  proportional  to  deflection  (yawing  velo- 
^^y  in  hover,  coordinated  turn  in  cruise);  angular  rotation  of 
pilot's  grip  upward  and  downwards  (raising  or  lowering  of  the 
of  the  model)  commands  rate  of  change  of  altitude  with  full 
upward  rotation  commanding  rate  of  pitch  change  for  maneuver! 
such  as  the  loop.  Any  combination  of  these  commands  may  be  mixed 
and  all  modes  blend  automatically  between  hover  and  cruise  flight 
without  requiring  pilot  action  or  selection".  This  word  descrip¬ 
tion  is  indicative  of  two  things;  (1)  the  degree  of  detail  with 
which  AVLABS  have  visualized  the  operational  requirements  of  their 
controller,  and  (2)  recognition  by  AVLABS  that  there  are  maneuvers 
in  which  pitch  control  will  be  more  important  than  vertical  velo¬ 
city  control.  Using  this  word  concept  as  a  basis,  LTC  R.  E. 
Richter,  who  is  an  employee  of  Garrett  Corporation,  produced  the 
configuration  drawing  shown  in  Figure  1.  Note  the  dead-man's 
switch  and  feel-adjust  knobs.  Subsequently,  this  concept  was 
advertised  so  strongly  that  it  soon  became  synonymous  with  TAGS. 

In  fact,  the  only  printed  public  disclosure  of  TAGS  to  date  -  which 
appeared  in  Aviation  Week  and  Space  Technology  on  25  March  1968  - 
describes  TAGS  as  follows: 

"Single  control  lever  system  for  helicopters  is 
being  studied  by  the  Army  under  the  designation 
of  TAGS,  for  Tactical  Aircraft  Guidance  System. 

The  single  lever  control  would  replace  conven¬ 
tional  collective  .and  cyclic  control  levfers". 
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further  description  of  TAGS  was  given.  The  conclusion  is  that 
LABS  has  a  definite  idea  about  what  controller  hardware  for  TAGS 
should  be. 

AVLABS  immediately  set  about  to  build  a  model  of  their  concept 
according  to  the  sketch  shown  in  Figure  2.  This  model  is  best  de¬ 
scribed  by  U.S.  Army  Aviation  Materiel  Laboratories  (Fort  Eustis, 
Virginia)  Code  81996  Drawings  Numbered  20067120  through  20067202. 
Because  of  the  limited  shop  capabilities  to  machine  and  fabricate 
such  a  device  at  AVLABS,  the  first  model  was  understandably  crude. 
The  model  had  been  designed  specifically  to  make  use  of  off-the- 
shelf  components.  No  parts  specifications  were  developed,  and,  the 
Bjourns  high  reliability  precision  10-K  potentiometers  intended 
for  use  became  difficult  to  obtain.  Consequently,'  only  one  model 
was  built  as  a  laboratory  experimental  device.  Even  so,  AVLABS 
had  hoped  that  the  model  could  be  used  for  determining  controller 
dynamic  characteristics  both  in  the  simulator  and  the  NCH-46  at 
M.I.T.  Two  problems,  that  of  zero-detent  (centered)  output  and 
that  of  redundancy  of  channels ' were  identified  immediately.  AVLABS 
felt  that  the  controller  should  have  zero  electrical  output  when 
the  controller  was  positioned  to  command  zero  velocity.  The  redun¬ 
dancy  problem  was  circumvented  by  making  some  channels  triply  and 
some  quadruply  redundant. 

2 . 2  M.I.T.  Preliminary  Concept 

J^I.T.,  meanwhile,  was  more  interested  in  exploring  the  AFCC  than 
it  was  in  controller  development.  In  addition,  it  did  not  want  to 
hold  up  its  feasibility  program  while  waiting  for  controller  devel¬ 
opment.  In  view  of  its  limited  budget,  M.I.T.  used  available 
hardware  to  fabricate  two  two-axis  side-arm  controllers,  of  the 
type  illustrated  in  Figure  3.  Each  axis  was  connected  to  a  single 
linear  potentiometer  pick-off  to  produce  the  signals  shown  in  the 
diagram.  The  twist-lock  friction  knobs  at  the  end  of  each  con¬ 
troller  served  the  same  purpose  as  the  dead  man's  switch  shown  in 
the  AVLABS  concept,  that  is  to  lock  all  axes  simultaneously  at  the 
selected  values.  One  set  of  these  controllers  was  installed  in 
the  M.I.T.  fixed*  base  simulator.  Another  set  was  added  to  the 
pilot's  position  of  the  NCH-46  in  addition  to  (rather  than  in  lieu 
of}  conventional  controllers-.  The  simulator  .controllers  were 
operated  by  Vertol  engineers  and  test  pilots.  The  most  general 
comments  were  that  the  controllers  were  extremely  sensitive.  The 
problems  of  sensitivity  did  not  appear  unsurmountable ,  and  M.I.T. 
was  the  first  to  admit  that  improved  controllers  were  desirable. 

The  conclusion  is  that  M.I.T.  is  not  entirely  satisfied  with  the 
original  two-axis  dual  side-arm  configuration,  but  is  not  making 
any  special  effort  to  optimize  this  controller  configuration,  al¬ 
though  it  is  trying  to  improve  it.  ~ 
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2 . 3  Vertol  Preliminary  Investigation 

Upon  initial  exposure  to  and  discussion  of  the  AVLABS  controller 
concept  at  AVLABS,  the  general  concept  seemed  acceptable.  AVLABS, 
in  explaining  the  concept,  pointed  strongly  to  the  fact  that  they 
were  not  interested  in  funding  or  developing  controllers  which 
involved  control  stick,  control  column  or  foot  pedal  concepts.  In 
the  initial  TAGS  presentations  by  AVLABS,  the  following  HUMMRO 
statement  had  been  quoted: 

>  t 

"Ideally,  the  Army  aviation  pilot  training  program  should 

consist  of  a  three-week  transition  course  for  jeep,  truck, 

and  tank  drivers"  (Reference  14). 

When  it  was  suggested  that  a  set  of  automobile  type  controls  in  a 
helicopter  might  offer  the  simplest  means  for  such  a  transition, 
the  suggestion  was  not  received  with  enthusiasm  by  AVLABS.  TAGS 
managers  at  AVLABS  pointed  out  a  requirement  that  the  controller 
should  be  equally  applicable  to  right  or  left  handed  persons,  and 
further  indicated  their  intent  to  have  two  or  three  prototypes 
built  with  which  to  experiment.  This  indicated  that  not  only  had  a 
concept  been  formulated  firmly,  but  also  that  at  least  one  method 
of  mechanization  had  been,  conceived.  Assuming  that  the  concept  was 
feasible  from  both  the  operational  and  mechanization  standpoints, 
Vertol  began  seeking  the  best  source  for  such  a  controller  for  use 
in  a  demonstration  program. 

Conferences  between  Vertol  engineering  personnel  in  June  1967 
brought  to  light  the  following  questions: 

(1)  Should  pilot's  and  copilot’s  controller  follow  one 
another  in  a  dual  installation? 

(2)  Is  a  dead-man's  switch  necessary? 

% 

(3)  Should  there  be  a  zero-detent? 

(4)  What  is  the  best  mechanization  scheme? 

(5)  What  are  the  reliabilities  associated  with  each  of  the 
components  which  may  be  associated  with  such  controllers? 

(6)  What  are  the  feel  requirements? 

(7)  What  are  the  dead-zone  limitations? 

Further  checking  within  Vertol  resulted  in  the  identification  of 
Measurement  Systems  Incorporated  (MSI)  as  the  most  likely  source 
of  knowledge  on  such  devices.  Subsequent  contact  with  the  Human 
Engineering  Division,  Maintenance  Design  Branch,  Wright  Patterson 
Air  Force  Base,  Dayton,  Ohio  revealed  that  they  knew  of  no  four- 
axis  controllers  in  existence.  As  a  result  of  their  having  built 
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•  ir  own  two-  and  three-axis  models  for  experimental  purposes, 
y  cautioned  against  problems-  of  inadvertent  cross  coupling, 
especially  during _ maneuvers .  All  of  their  models  had  required  very 
heavy  spring  damping  to  alleviate  this  problem  and  they  recommend 
contacting  MSI  and  the  USAF  Aeromedical  Research  Division.  This 
division  claimed  to  have  many  drawings  for  proposed  controllers, 
but  none  for  four-axis  control.  The  Flight  Dynamics  Laboratory 
knew  of  no  continuing  three-axis  or  four-axis  controller  develop¬ 
ment  programs  because  of  the  large  physiological  problems  en¬ 
countered  in  human  wrist  articulation.  They  suggested  that 
anthropological  requirements  be  given  much  attention  in  the  devel¬ 
opment  of  controller  concepts  and  that  we  discuss  this  with  the 
Anthropology  Group  at  WPAFB. 

Faced  with  the  requirement  for  price  and  delivery  schedule  informa¬ 
tion  for  estimating  purposes,  the  next  logical  step  was  to  contact 
every  potential  vendor  source  which  could  be  identified.  To  this 
end,  26  companies  were  contacted,  but  only  eight  produced  evidence 
of  any  experience  in  the  controller  field.  This  experience  is 
outlined  in  Table  I,  along  with  general  comments  pertinent  to 
advanced  multi-axis  controller  development. 

Using  the  existing  AVLABS  drawing  and  description  as  guidelines, 
Vertol  artists  and  designers  produced  the  conceptual  sketch  of  a 
four-axis  single  side-arm  controller  shown  in  Figure  4.  Concur- 

|:ly,  a  preliminary  general  description  of  the  controller  (Appen- 
A)  was  generated  to  facilitate  discussion  of  controller  devel- 
Jnt  with  potential  vendors.  Subsequently,  representatives  of 
the  companies  listed  in  Table  I  were  invited  to  Vertol  for  a 
technical  briefing  on  the  concept.  Each  was  encouraged  to  assess 
his  company's  interest  and,  if  so  inclined,  to  submit  an  unsoli¬ 
cited  proposal  for  the  production  of  demonstration  models'.  Pro¬ 
posals  from  The  Bendix  Corporation  and  Measurement  Systems,  Incor¬ 
porated  (the  only  respondents)  were  reviewed.  Only  the  Bendix 
configuration  bore  physical  resemblance  to  either  the  AVLABS  or 
the  Vertol  concept.  Based  on  the  prices  quoted  for  specific 
quantities,  the  cost/learning  curve  of  Figure  5  was  extrapolated. 
The  estimated  costs  shown  are  for  limited  production  quantities , 
and  are  exclusive  of  research  and  development  costs  which  were 
anticipated  to  be  in  the  neighborhood  of  $100K  -  $150K.  The  costed 
controllers,  which  could  be  available  approximately  nine  months 
after  receipt  of  a  definitive  procurement  specification,  would  be 
f  lght  safety  qualified  only,’with  additional  time  and  costs  re¬ 
quired  for  full  military  qualification. 

* 

Considering  the  inadvisability  of  saddling,  an  advanced  flight  con¬ 
trol  system  development  with  a  specific  controller  concept  of 
questionable  feasibility,  division  management  directed  that  as  many 
concepts  as  practicable  be  examined  for  the  purpose  of  determining 
the  most  promising  two  or  three  concepts.  These  two  or  three  con¬ 
cepts  then  could  be  developed  and  evaluated  with  respect  to  the 
c^^nced  flight  control  systems  into  which  they  would  be  incor- 
I®Wted.  At  this  point  it  was  realized  that  the  development  of  an 
advanced  controller  concept  would  be  both  costly  and  time-consuming. 
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Tn  order  to  meet  time  schedule  interfaces  with  near-term  flight 
control  development  programs,  it  was  suggested  that  ^approach 
might  include  Electrification  of  existing  controls.  This  approach 
a  reasonable  one  in  view  of  the  fact  that  m  l  P^abrlity 
the  foot  pedals  would  have  to  be  maintained  in  all  advanced  con 

cepts  ?orPthe  purpose  of  providing  toe  brakes:  .J°^Vf4uS  place 
approach  had  several  inherent  problems  as  applied  to  a  dual  1 pla 
aircraft  While  the  controls  would  be  mechanically  separate,  th  y 
live  to  be  physically  identical  with  respect  to  force  feel, 
stiffness,  damping,  displacement ,  magnetic  braking 
This  would  be  particularly  true  of  demonstration  installations 
™ire  one  coSt?“ler  was  Electrical  and  the  other  "^itionaUy 

mechanical  for  backup  or  safety-of-f light  “  thMeby the 

such  a  svstem  would  require  incorporation  of  techniques  wnereoy 
electrified  controller  would  drive  the  mechanical  controller  to 

positions  comparable  to  those  of  the  arm  control- 

alternative  approach,  it  was  suggested  that  the  side  arm  control 

?ers  uSed  in  ?he  AH-1G  and  the  CH-54  be  examined  with  regard  to 
their Uapp lie abil ity  to  advanced  flight  control  system  development. 
These  configurations  are  described  in  detail  in  appropriate 
References  15,  16. 

Generally,  the  AH-1G  installation  consists  of  conventional  controls 
in  the  aft  (pilot's)  cockpit  and  side  arm  controls  in  the  forward 
(gunner's)  cockpit.  The  forward  controls  =°"sist  of  a  2  axis  righ 
AT-m  cvclic  controller,  a  single  axis  left  side  arm  collective 
SonetroSe?YSidCd?rLtional  pedals.  All  controllers  are  connected 
mechanically  in  parallel  with  the  pilot  s  le^s  on  ?he 

ItH  | ~  tl?'  ^  most^serious^rawback^is^th^decreased 

^erage  wkc£Pcan  be  eierted  due  to  the  shortened  moment  arms  of 
the  hand  controllers. 

The  CH-54A  installation  consists  of  conventional  controls  at  both 
the  pilot's  and  copilots  positions  plus  side  arm  controls  at  th 
2t-?icina  pilots  position.  The  aft-facing  pilot's  station  is 
provided  with  a  single-axis  left  side-arm  collective  pitch  stick 
which  incorporates  hoist,  flood  light  coupler  release  and  bare- 
mp1.Tic  altitude  release  switches  in  its  grip.  The  hover  control 
stick  is  a  3-axis  right  side-arm  controller  which  closely  resembl 
S  stlndLd  B-8Sgrip.  Stick  release,  trim  release,  ICS-RADIO  and 
cargo  switches  are  incorporated.  The  hover  stick  is  e^J^lly 

yav^attitude^during^ 

££  thJ  ^pIlo?'s9pcsr«on.ma?heehoverstick 

valves .  The  hove/stick  has  +10%  authority,  which  may  be  extended 
with  stick  beep  trim. 
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}ther  of 
itrollers 


these 

were 


configurations  was 
mechanical  and  the 


satisfactory  because  the  AH-1G 
CH-54  controllers  were  limited 


authority  and  not  intended  for  a  primary  means  of  c&ntrol  over  the 
entire  operating  regime  of  the  vehicle. 


Attempts  to  procure  a  LEM  or  Apollo  Block  II  controller  failed 
because  delivery  of  production  models  was  not  anticipated  until 
late  1968  and  the  development  of  an  engineering  model  might  have 
taken  longer.  In  addition,  the  one  LEM  controller  then  in  the  pos¬ 
session  of  Honeywell  was  the  property  of  Grumman  Aircraft  Engin- 
eering  Corporation  and  was  so  committed  to  existing  space  programs 
as  to  be  unavailable  for  out-of-house  programs. 

By  September  1967  it  was  clearly  indicated  that  the  most  logical 
solution  to  the  problem  of  advanced  controller  development  for 
TAGS  was  to  devise  an  in-hduse  developmental  program  which  would 
lead  to  a  flight  safety  qualified  controller  in  a  meaningful  time 
frame.  Such  a  program  was  included  as  part  of  the  TAGS  proposal 
(Reference  17) .  The  general  contents  of  this  portion  of  the  pro¬ 
posal  are  included  as  Appendix  II.  Because  there  has  been  re¬ 
latively  little  experimental  effort  in  the  field  of  four-axis 
side-arm  controllers,  this  element  of  the  TAGS  was  considered  to 
be  an  item  of  significant  risk.  Considering  the  time  schedules, 
the  degree  of  developmental  risk  involved  and  the  associated  cost 
of  development,  Boeing-Vertol  suggested  the  alternative  approach 

K  conventional ,  off-the-shelf  controls,  components  and  sensors 
onsidered  fpr  use  in  synthesizing  both  experimental  and  devel- 
ntal  systems.  It  specifically  was  suggested  that  input  signals 
might  be  provided  by  Linear  Variable  Differential  Transformers 
(LVDTs )  coupled  to  conventional  controls.  Not  only  would  this 
approach  reduce  developmental  costs  and  allow  more  time  for  optimal 
controller  development,  but  also  might  preclude  any  confusion  in 
the  minds  of  flight  test  personnel  as  to  which  subjective 
advantages/disadvantages  are  attributable  to  the  introduction  of 
advanced  controller  hardware  and  which  are  attributable  to  the 
introduction  of  advanced  flight  control  concepts. 

For  the  purpose  of  in-house  development  of  advanced  flight  control¬ 
lers,  the  decision  was  made  to  follow  sound  system  engineering 
procedures  (Reference  18)  to  the  maximum  extent  possible.  Since 
no  official  SOR/OSR/ADO  existed  for  an  advanced  controller,  it  was 
necessary  for  Vertol  to  consider  all  the  information  presented 
heretofore  and  to  develop  its  own  specific  qualitative  operational 
requirements  for  an  advanced  controller. 


One  of  the  most  probable  reasons  of  the  non-existence  of  an  SOR/ 
OSR/ADO  was  that  inadequate  research  and  development  had  been 
completed  to: 
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1)  Specify  the  operational  requirements 

2)  Assess  the  military  value 

3)  •  Assess  the  technical  feasibility  ' 

4)  Assess  the  economic  feasibility 

However,  a  reasonable  judgement  had  been  made  which  concluded  that 
advanced  control  concepts  were  desirable  to  meet  the  objectives 
stated  in  Appendix  II.  From  the  foregoing  judgements  and  conversa¬ 
tions  with  potential  using  agencies  (which  will  be  described  later) 
it  was  apparent  that  the  nature  of  an  advanced  controller  develop¬ 
ment  would  be  closer  to  a  specified  ADO  than  to  an  SOR/OSR.  in 
November  1967,  Vertol  developed  the  following  general  development 
objective  for  an  advanced  controller. 

Provide  the  optimum  method  for  coupling  human 
(operator)  transducers  (motor  processes)  to  an 
advanced  flight  control  system  for  the  purpose 
of  controlling  a  vehicle's  functional  flight 
parameters  with  respect  to  a  specific  coordinate 
reference  system." 

To  describe  development  objectives  within  the  intent  of  AFSCM  375-5 
a^els^  necessary  to  investigate  in  greater  detail  the  following 

1)  Statement  of  background  arid  reasons  for  required 
operational  capability 

2)  Logistics  Concepts 

a)  deployment,  location  and  dispersal 

b)  manpower  requirements 

c)  facilities  requirements 

d)  material  requirements 

3)  Availability  concepts 

a)  Developmental  time  schedule 

b)  Delivery  date  of  first  items 

c)  Delivery  quantities 

d)  Operational  readiness 

4)  Reference  list  of  supporting  trade  studies  and  DOD  pro¬ 
jects  addressing  the  same  or  similar  subjects. 

5)  Operational  performance  requirements 

Specific  continuous  control  parameters 
b  Specific  discrete  peripheral  functions 

c)  Self-support 

d)  Human  interface 
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e)  Hardware  interface' 

f)  Computer  program  effects 

g)  Failure-warning  and  required  displays 

h)  Training 

i)  Weight  and  dimension  limitations 

j)  Safety  considerations 

k)  Reliability 

l)  Vulnerability/survivability 

m)  Security 

The  background  and  reasons  for  improved  controller  development  have 
been  covered  already  in  the  preceding  documentation  and  the 
appendices. 


Review  of  this  background  information  gave  rise  to  several  areas  of 
question.  The  first  of  these  involved  the  effect  of  new  controller 
development  on  controller  standardization.  Organizations  such  as 
the  Aircrew  Station  Standardization  Panel  have  expended  consider¬ 
able  effort  in  attempts  to  standardize  cockpit  controller  configu¬ 
rations.  These  efforts  have  been  aimed  at  reducing  the  pilot 
adaptation  required  when  transitioning  from  one  vehicle  type  to 
another.  The  introduction  of  a  new  controller  configuration  re¬ 
presents,  in  effect,  a  de-standardization  and  therefore  each  new 
controller  configuration  developed  must  be  evaluated  from  the 

•andpoint  of  its  effect  on  transition  adaptation  unless  such  con¬ 
quers  are  intended  for  universal  application.  If  universal 
plication  is  the  intent,  then  one  must  consider  the  cost  of  re¬ 
training  to  the  new  standard  as  well  as  any  reduction  in  cost  which 
may  be  achieved  through  the  introduction  of  an  improved  controller 
configuration.  Consequently,  for  each  new  flight  control  system 
and  flight  controller  configuration  being .considered  one  must  ask 
the  question,  "Is  this  new  configuration  operationally  desirable, 
feasible,  and  what  are  its  chances  of  acceptance?"  This  question 
cannot  be  answered  until  the  flight  control  and  controller  concepts 
have  been  identified  and  trade  studies  can  be  conducted.  In  view 
of  the  background  information  pertinent  to  controller  concepts,  it 
was  assumed  for  the  purposes  of  this  study  that  the  introduction  of 
advanced  flight  control  concepts  would  necessitate  and  justify  the 
development  of  an  improved  controller  configuration.  A  secondary" 
question  hinges  about  a  comparison  of  the  advantages  to  be  gained 
through  improved  displays  as  opposed  to  those  to  be  gained  from 
improved  controls.  As  has  already  been  stated,  arguments  pertinent 
to  the  importance  of  controller  and  display  development  are  con¬ 
sidered  beyond  the  scope  of  the. study.  However,  because  a  human 
operator  is  involved  with  both  the  controls  and  the  displays  it 
must  be  realized  that  the  effectiveness  of  the  control  will  be 
affected  to  some  extent  by  the  adequacy  of  the  associated  displays. 
Therefore,  for  the  purposes  of  this  study  advanced  display  develop¬ 
ments  have  been  considered  only  in  light  of  their  effect  on  advanced 
controller  operation. 
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In  the  absence  of  other  guidance,  the  following  ground  rules  and 
design  goals  were  adopted  as  guidelines  with  respect  to  logistics 
and  availability  concepts.  The  advanced  flight-  control  concepts 
under  consideration  were  intended  for  demonstration  in  a  CII-47C 
aircraft.  Therefore,  the  operational  requirements  for  deployment, 
location,  and  dispersal  of  advanced  flight  controllers  for  this 
system  must  be  compatible  with  the  deployment,  location  and  dis¬ 
persal  of  the  CH-47C  itself.  As  an  additional  design  goal,  good 
engineering  practices  must  be  employed  to  assure  that  advanced 
controller  configurations  do  not  impose  increased  manpower,  fac¬ 
ilities  and  material  requirements  on  the  user  in  the  areas  of 
operations,  maintenance  and  training. 

In  order  to  be  compatible  with  the  overall  TAGS  demonstration  pro¬ 
gram,  it  was  necessary  that  six  flight  safety  Qualified  advanced 
controllers  be  available  within  12  to  14  months  after  initiation 
of  the  TAGS  demonstration  program.  In  view  of  the  fact  that 
qualified  vendors  estimated  16  to  24  months  for  delivery  of  the 
first  qualified  unit,  the  time  schedule  for  advanced  controller 
development  became  an  unrealistic  goal.  The  only  way  in  which  the 
schedule  could  be  met  was  to  conduct  a  preliminary  search  of  exist¬ 
ing  technology  in  hope  that  among  the  printed  records  of  controller 
experimentation  some  documentation  could  be  found  which  would 
obviate  the  need  for  o.r  reduce  the  magnitude  of  a  full-blown  con¬ 
troller  development  program.  Initial'  search  of  patents  and  techni¬ 
cal  literature  disclosed  little  evidence  of  any  work  ever  having 
been  done  on  controllers  having  more  than  three  axes.  However,  the 
results  of  the  search  did  indicate  that  patents  on  existing  con¬ 
trollers  offered  many  mechanization  techniques  which  might  be 
applicable  to  controller  development.  To  date,  246  patents  have 
been  identified  which  are  related  to 'flight  controllers.  These 
cover  the  period  1895  through  1967  and  include  British,  German  and 
French  as  well  as  United  States  patents.  Of  the  246  patents  re¬ 
viewed,  133  show  mechanizations  directly  applicable  to  controller 
development.  The  remaining  ones  are  associated  with  automatic 
flight  control  systems  and  autopilots  without  regard  for  the  type 
of  control  used.  A  tabulation  of  the  patents  reviewed  is  presented 
in  Table  II.  In  the  table,  those  patents  which  are  marked  with 
asterisks  contain  basic  claims  which  have  been  cited  in  references 
of  other  patents.  By  far,  the  most  frequently  cited  patent  is 
Patent  No.  2,144,616  issued  to  Mr.  Bert  G.  Carlson  for  a  remote 
control  means  for  airplane  automatic  pilot.  This  patent,  issued  in 
1939,  was  assigned  to  the  Sperry  Corporation.  Mr.  Carlson  is  well 
known  for  his  work  in  autopilot  controls  and  side  arm  controllers. 
Equally  well  known,  is  Mr.  F.  H.  S.  Rossire  of  The  Bendix  Corpora¬ 
tion.  Mr.  Rossire's  work  also  has  primarily  been  directed ; toward 
the  development  of  automatic  pilots  and  automatic  -  pilot  controls. 

It  is  interesting  to  note  that  one  or  more  patents  have  been  issued 
for  controller  developments  almost  every  year  since  1922.  Heavy 
concentrations  during  the  periods  1945  through  1947  and  1949  through 
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tfcl  perhaps  are  indicative  'of  the  requirements  for  improved  con- 
oilers  which  developed  during  World  War  II  and  the  Korean  . 
conflict.  As  might  be  expected,  most  of  the  patents  listed  m  the 
Table  were  classified  under  Class  244  Aeronautics-Aircraft  Control. 

In  fact,  this  state-of-the-art  patent  search  included  the  entire 
classes  244-77  Electric  Automatic  Aircraft  Control,  and  244-83 
Pilot  Operated  Aircraft  Control.  In  considering  the  development 
of  multiple  axis  controllers,  one  also  should  not  overlook  Class 
74,  Machine  Elements  and  Mechanisms  and  specifically  Class  74-471, 
Multiple  Controlled  Elements.  The  assignees  listed  in  the  Table 
are  those  which  existed  at  the  time  of  patent  issue.  No  attempts 
were  made  to  determine  patent  assignments  subsequent  to  patent 
issue.  A  review  of  the  assignments  listed  confirms  that  those 
companies  contacted  pertinent  to  advanced  controller  development 
are  probably  the  most  active  in  the  field.  These  companies  were 
listed  in  Table  I.  From  the  patents  issued  to  date,  it  appears 
that  two  and  three  axis  concepts  are  more  popular  subject  matter 
with  the  inventors  than  are  one  and  four  axis  concepts.  It  is  not 
known  at  this  point  if  this  is  because  no  one  has  been  able  to  con¬ 
ceive  an  effective  four  axis  mechanization  scheme  or  if  the  inabili¬ 
ty  of  operators  to  control  four  axes  simultaneously  with  a  single 
device  has  made  the  successful  pursuit  of  such  development  techno 
logically  improbable.  Certainly,  one  of  the  studies  conducted 
early  in  any  advanced  development  program  for  aircraft  controls 
should  be  directed  at  determining  which  of  the  following  control 
(■^figurations  a  pilot  can  manipulate  most  easily. 

(1)  Two  axis  with  the  right  hand,  one  axis  with  the  left 
hand,  and  one  axis  with  the  feet. 

(2)  Two  axis  with  the  right  hand,  and  two  axis  with  the  left 
hand . 

(3)  Three  axis  with  the  right  hand  and  one  axis  with  the 
feet . 

(4)  Three  axis  with  the  right  hand  and  one  axis  with  the 
left  hand.  ' 

(5)  F.our  axis  with  the  right  hand. 

It  appears  that  the  most  popular  operational  concepts  involve  pro 
viding  for  brakes  and  directional  control  with  conventional  foot 
pedals,  while  providing  for  the  remaining  axes  with  either  center 
•  or  side  stick  controls  or  the  conventional  column  and  yoke.  It  is 
easy  to  conceive  how  the  column  and  yoke  concept  might  be  preferred, 
since  this  configuration  most  nearly  resembles  an  automobile  con¬ 
trol  system,  with  which  most  pilots  are  familiar  prior  to  their . 
flying  training.  This  concept  probably  represents  the  minimum  in 
adaptive  processes  when  transitioning  from  an  untrained  civilian 
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with  automobile  driver  experience  to  a  trained  military  pilot. 
However,  because  of  the  advantages  offered  by  side  stick  controls 
in  the  areas  of  improved  ingress  and  egress,  increased  instrument 
panel  visibility,  and  decreased  cockpit  lethalization ,  the  side 
stick  concept  has  been  achieving  increased  popularity  both  in  the 
aircraft  and  the  automotive  industries.  The  diminutive  size  of 
most  side  stick  controllers  and  the  advantages  mentioned  previously, 
have  made  the  side  stick  concept  particularly  amenable  to  space 
vehicle  application,  where  capsule  size  precludes  the  use  of  con¬ 
trol  columns  even  if  they  were  desirable  from  the  human  engineering 
standpoint. 

2 . 4  Air  Force  Flight  Dynamics  Laboratory  Concepts 

Another  potential  study  area  should  include  efforts  directed  at 
determining  operators  preference  between  side  stick  and  control 
yoke  concepts  for  any  advanced  vehicle  control  system  under  devel¬ 
opment.  Such  a  study  was  conducted  to  determine  the  best  primary 
controller  designs  for  jet  transports  by  Hughes  Aircraft  Company, 
under  contract  from  the  Air  Force  Flight  Dynamics  Laboratory,  Air 
Force  Systems  Command  (Reference  19).  The  report  on  this  study 
concluded,  in  general,  that  it  seems  extremely  unlikely  that  any 
really  radical  departures  from  the  current  controllers  will  be 
tolerated  by  the  pilot  population  until  attitudes  can  be  changed  on 
reliability  of  fly-by-wire  systems,  the  feasibility  of  effective 
primary  control,  and  the  possibility  of  utilizing  alternate  kinds 
of  control  feel  feedback  information.  It  is  pointed  out  further, 
that  the  results  of  the  present  study  do  not  point  to  any  single 
best  design.  They  do  indicate  that  among  the  alternatives  con¬ 
sidered  the  dual  side  arm  and  the  yoke  and  circumferential  drive 
should  be  refined  and  tested  further.  Study  results  indicated 
that  these  innovations  would  be  regarded  as  improvements  over  the 
current  designs  and  that  the  degree  of  acceptance  for  these  designs 
seems  high  enough  to  warrant  their  further  development.  In  con¬ 
junction  with  these  results,  a  mechanical,  2-axis  dual  sidearm 
controller  has  been  developed  by  Hughes  for  the  Air  Force  Flight 
Dynamics  Laboratory.  These  controllers  are  presently  undergoing 
installation  and  checkout  in  Cornell  Aeronautical  Laboratories' 
Variable  Stability  A-26  aircraft,  with  flight  test  scheduled  to 
begin  in  mid  1969. 

However,  before  accepting  the  above  approach  as  a  standard  for  all 
future  flight  control  development,  one  should  consider  the  subtle 
differences  which  exist  between  the  agility  of  a  jet  transport  and 
a  highly  maneuverable  attack  fighter  aircraft  or  a’  combat  heli¬ 
copter.  The  effectiveness  of  proposed  controllers  must  be  a  part 
of  the  feasibility  and  design  trade  studies  for  each  proposed  new 
vehicular  control  system.  The  Air  Force  constructed  such  a  design 
comparison  matrix  as  part  of  the  jet  transport  controller  study. 

This  matrix  is  shown  in  Table  III  for  illustrative  purposes. 
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Research  of  Technical  Literature 

Research  of  technical  literature  to  date  has-  identified  450  docu- 

,h  S  pertlr?oTn  tC>  controllers  and  manual  tracking  tasks  covering 
the  period  1870  through  1967.  The  voluminosity  of  the  material 

available  ab^V11  thi!  materia1'  but  casual  scanning  of  the 
available  abstracts  indicated  that  about  90%  of  the  material  was 

irec  y  related  to  control  task  analysis  and  the  remaining  10% 

covered  the  relationship  of  control  cueing  and  pilot  control  re- 

Adbi?n’n  1  blb^10<?raPhy  of  these  documents  is  given  in  Appendix  III 
Additional  works  may  be  found  in  the  Human  Engineering  Bibliog- 
rap  ies  published  by  Tufts  University  under  the  auspices  of  the 

?TT°f  Naval  Research.  The  technical  documents  listed  in  Appen- 
th*  ^.rfPresent  the  efforts  of  over  500  authors.  While  most  of 
r  1C.es  rePresent  single  individual  inputs,  there  are  several 
contributions  in  both  quantity  and  quality  have 
qualified  them  as  experts  in  their  respective  fields.  Any  develop- 

Pr°?ra T  embracing  the  field  of  man/machine  interface  and 
flight  control  systems  certainly  should  include  as  part  of  its 
f forts  a  survey  of  published  literature  by  the  following  authors : 

Norman  K.  Walker,  Norman  K.  Walker' Associates , 

Bethesda,  Maryland,  on  Human  Operators  In  Closed 
Loop  Systems 

* 

•  Jo~hn  W.  Senders,  Lecturer  and  Senior  Research 

Associate,  Psychology  Department,  Brandeis 
University,  South  Street,  Waltham,  Massachusetts 
on  Human-  Operator  Control  Systems 

f 

J.  I.  Elkind,  50  Moulton  St.,  Cambridge, 

Massachusetts,  on  Human  Operator  Control  Systems 

Harry  P. _ Birmingham,  Head,  Engineering  Psychology 

Branch,  Applications  Research  Division,  Naval 
Research  Laboratories,  Washington,  D.C.  on  Manual 
Tracking  Performance 

.  L‘  Alford  (deceased)  Co-authors:  W.  K:  Russell 
and  S.  A.  Sjoberg,  NASA  Manned  Space  Center, 

Houston,  Texas  on  Flight  Investigation  of  Flying 
Qualities  and  Performance 
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TABLE  III.  AIR  FORCE  FLIGHT  DYNAMICS  LABORATORY  SUMMARY  OF 
STATE-OF-THE-ART  IN  SIDE  ARM  CONTROLLERS. 
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3.  BASIC  DESIGN  CONSIDERATIONS 

In  addition  to  the  information  already  presented,  a  review  of 
available  patent  and  technical  literature  results  in  an  important 
[  conclusion.  Considering  all  of  the  work  which  has  been  done  over 
the  past  100  years  and  considering  how  little  change  the  results 
of  these  efforts  have  produced  on  controller  configurations,  it 
seems  unlikely . that _ The  Boeing  Company,  Vertol  Division  will  be 
able  to  make  significant  philosophical  advances  in  controller  de¬ 
velopment  in  the  two  to  three  years  planned  for  the  TAGS  Demon¬ 
stration  Program.  It  appears  that  nothing  short  of  a  state-of- 
the-art  breakthrough  would  significantly  alter  controller  configu¬ 
rations  and  the  only  way  Boeing/Vertol  can  achieve  such  a  break¬ 
through  is  to  devote  considerable  resources  to  a  well  defined 
program  which  is  acutely  directed  at  spear-heading  the  state-of- 
the-art  in  vehicular  control.  ’ 

In  order  to  assess  the  magnitude  of  such  a  program  and  the  resources 
required,  it  was  necessary  to  identify  and  evaluate  some  of  the 
specific  problems  which  might  be  anticipated  in  a  controller  devel¬ 
opment  program.  Using  the  modified  Englebart  man/machine  communi¬ 
cations  flow  diagram  of  Figure  6  and  previously  defined  operational 
requirements  as  a  basis,  the  following  functional  requirements  were 
established. 

(1)  Provided  a  device  for  translating  physical  force  or 
motion  into  a  proportional  electrical  signal. v 

a)  Analyze  psycho  motor  forces/motions  into  appropriate 
•  components. 

b)  Transduce  components  of  psycho  motor  forces/motions 
into  electrical  signals. 

c)  Check  for  validity  of  the  input. 

(2)  Provide  a  means  for  processing  electrical  signals  to 
effect  proper  interface  with  adjacent  system  elements. 

From  these  word  descriptions  the  functional  flow  diagram  shown  in 
Figure  7  was  generated. 
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Figure  7.  Controller  Functional  Flow  Diagram. 
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PRELIMINARY  FUNCTIONAL  REQUIREMENTS  ANALYSIS 

In  order  to  continue  the  functional  analysis  for  the  purpose  of 
highlighting  potential  problem  areas,  it  was  necessary  to  present 
philosophical  questions  the  answers  to  which  would  lead  to  the 
definition  of  design  parameters  and  design  criteria.  The  followinq 
paragraphs  present  these  questions  along  with  comments  which  repre¬ 
sent  preliminary  thinking  in  pursuit  of  answers  to  these  questions. 

9 

(1)  What  operational  parameters  are  to  be  controlled? 

MTL-STD-205  identifies  most  of  the  parameters  which  must 
be  controlled  in  conventional  power-attitude  control  sys¬ 
tems  in  present  helicopters  (Reference  20) .  However,  the 
introduction  of  advanced-  flight  control  concepts  may  re¬ 
quire  addition  to,  emphasis,  deemphasis,  or  elimination 
of  some  of  the  existing  control  parameters.  It  is  anti¬ 
cipated  that  at  a  minimum  the  following  parameters  will 
be  required  for  primary  control  of  most  helicopters: 
sideslip  angle,  longitudinal  velocity  and  position, 
lateral  velocity  and-  position,  vertical  velocity  and 
position,  engine  torque,  and  rotor  rpm.  In  aircraft  hav¬ 
ing  a  weapon  delivery  mission  which  requires  delivery  of 
weapons  from  fixed  mounts,  it  may  also  be  necessary  to 
directly  control  pitch,  roll,  and  yaw  angles.  In  order 
to  preclude  exceeding  limitations  on  dynamic  component 
loading,  airframe  stress  and  pilot  comfort,  it  may  also 
be  necessary  to  limit  if  not  control  pitch,  roll,  and  yaw 
rates  as  well  as  longitudinal,  lateral  and  vertical  ac¬ 
celerations.  In  many  aircraft  the  following  discrete  and 
semi-discrete  functions  are . incorporated  as  part  of  the 
primary  controls:  independent  wheel  brakes,  intercommuni¬ 
cation  system  on-off  switches,  radio  transmitter  on-off 
switches,  searchlight  filament  on-off  switches,  landing- 
hover  light  on-off  switches,  force-feel  trim  controls, 
engine  beep  trim  switches,  torque  balancing  beep  trim 
switches,  aft  wheel  steering  switches,  searchlight  con- 
trols,  cargo  release  switches  and  weapon  release  switches. 
Initial  considerations  might  include  excluding'  from  the 
primary  controller  those  functions  or  parameters  which 
(1)  are  not  required  on  a  continuous  basis  for  parametric  . 
control  and  (2)  can  be  handled  better  by  the  human  operator 
if  implemented  by  automatic  or  semi-automatic  means.  If  a 
requirement  exists  to  maintain  conventional  foot  pedals  to 
provide  for  independent  wheel  brakes,  there  seems  to  be 
little  advantage  in  providing  another  separate  device 
for  direction  control.  One  should  also  consider  the 
question  of  whether  directional  control  during  taxi  can 
best  be  handled  by  the  same  device  used  for  directional 
control  during  flight  or  by  a  separate  steering  mechanism. 
Provisions  for  force-feel  trim  control  can  not  be  made 
until  specific  force-feel v trim  requirements  have  been 
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identified.  Requirements  for  and  implementation  of 
rotor  and  engine'  rpm  beep  trim  are  dependent  upon 
whether  or  not  these  rpm's  are  constant,  discretely 
selectable  or  continuously  variable  over  some  pre¬ 
determined  range.  If  the  speeds  are  variable  one  must 
consider  in  addition  whether  the  speed  control  is  to  be 
manual,  semi-automatic  or  fully  automatic. 

(2)  What  is  the  time  sharing  analysis  for  each  of  the  para¬ 
meters  selected  for  control  under  question  (1)  above? 

First  a  time  line  study  must  be  conducted  to  see  how  much 
time  is  spent  by  the  operator  in  performing  each  of  his 
assigned  functions.  An  analysis  of  this  time  line  study 
will  identify  those  functions  which,  if  automated,  would 
greatly  contribute  to  unburdening  the  pilot.  After  these 
functions  have  been  identified,  one  must  next  consider' 
which  of  them  are  amenable  for  automation,  and  trade 
studies  must  be  conducted  to  determine  if  automation  would 
be  cost  effective*. 

m 

♦ 

(3)  What  physical  appendages  and/or  psychomotors  are  available 
to  command  and  control  the  operator  functions  identified 
under  question  (2)  above? 

Although  research  of  past  work  done'  in  the  controller  area 
did  identify  such  exotic , control  systems  as  myoelectrics , 
neuroelectrics  and  voice  control  systems,  it  was  decided 
for  the  purposes  of  this  study  that  the  control  append¬ 
ages  would  be  limited  to  the  head,  the  arms  and  the  legs, 

(a)  What  are  the  limits  of  psychomotive  force,  appendage 
motion  and  what .are  the  associated  response  times 
for  each  of  the  human  limbs? 

The  limits  of  appendage  motion  are  well  defined  in 
existing  human  factor  documents  (References  21 
t/irough  26).  It  is  suspected  that  there  is  a  rela¬ 
tion  between  psychomotive  force ,  mass  of  the  append¬ 
age  and  the  response  times  which  can  be  achieved 
with  each  of  the  appendages.  Studies  have  been  made 
■■  of  forces  and  motions  which  can  be  exerted'  by  pilots 
in  the  control  of  a  vehicle  by  NACA  and  should  be 
available  for  reference'. 

(b)  What  are  the  psychological  stresses  on  the  pilot  with 
cueing  and  without  vciieing? 

If  it  can  be  shown  that  visual,  aural  or  force-feel 
cueing  is  required  to  effect  adequate  control  of  the 
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parameters,  then,  special  studies  will  have  to  be 
initiated  to  define  the'  type {  accuracy  and  degree 
of  quickening  required  for  each  type~'of  cueing 
identified. 

(c)  What  are  the  physiological  stress  and  fatigue  fac¬ 
tors  involved? 


It  is.  assumed  that  among  these, factors  will  be  the 
number  of  control  movements ,  the  extent  of  control 
movements,  and  the  force  against  which  control 
movements  must  be  made.  In  addition,  one  must  con¬ 
sider  the  environmental  factors  such  as  temperature , 
humidity,  vibration,  noise,  lighting  and  the  combat 
situation,  all  of  which  have  some  effect  on  the 
psychophysical  effectiveness  with  which  the  pilot 
performs  his  assigned  control  tasks. 


(d)  What  levels  of  physical  cross-coupling  can  be  anti¬ 
cipated,  particularly  in  the  area  of  wrist 
articulation? 


Perhaps  the  most  significant  single  problem  associ¬ 
ated  with  a  multiple  axis  side  arm  controller  is 
centered  around  the  fact  that  the  human  operator  has 
difficulty  controlling  three  or  mobe  parameters 
simultaneously  with  a  single  hand  without  introduc¬ 
ing  cross-coupling  from  one  axis  of  control  "to  ' 
another .  .  • 


(e)  What  human  vulnerability  considerations  shouid  -be 
included? 

Most  systems  engineering  analyses  of  modern  day 
weapons  systems  include  provisions  for  separated 
multiply  redundant  channels  of  information  to  reduce 
combat  vulnerability.  Certainly  then  the  redundancy 
level  of  the  human  operators  providing  control  in¬ 
puts  to  these  systems  should  be  considered.  As  an 
example,  one  must  consider  if  it  is  practical  .to 
provide  a  quadruply  redundant  flight  control  system 
which  is  operated  by  a  single  sidearm  controller 
configured  in  such  a  manner  that  if  the  pilot's  right 
hand  is  wounded  the  entire  system  is  lost  because  he 
can  not  reach  and  operate  the  controller  with  the 
left  hand. 
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(4)  Which  appendage  should  be  assigned  to  each  axis  of 
command  or  control? 

As  has  been  stated,  the  ultimate  system  would  allow  for 
the  maximum  level  of  automated  control  which  can  be 
achieved  without  compromising  any  of  the  operator's  com¬ 
mand  authority.  Several  factors  influence  the  assignment 
of  these  appendages:  one  is'  the  operator's  confidence 
level.  Certainly  this  will  be  a  co-function  with  the  . 
psychophysical  stress  which  is  experienced  by  the  pilot. 

In  other  words,  that*  control  device  in  which  the  operator 
has  greatest  prejudged  confidence  will  probably  be  the 
one  with  which  he  can  do  the  job  best.  A  second  consider¬ 
ation  is  the  extent  of  the  adaptive  processes  involved. 

In  most  cases,  learning  to  fly  an  airplane  involves  learn¬ 
ing  to  control  an  entire  new  family  of  devices.  It  might 
be  worthwhile  to  consider  such  devices  as  automobile 
steering  wheels,  or  bicycle  handle  bars  for  steering  and 
foot  accelerator  pedals  for’ longitudinal  acceleration 
and  velocity  control  in  order  to  reduce  these  adaptive 
processes.  The  third  factor  is  workload  equalization, 
which  is  a  cofunction  with  physiological  stress  and  fati- . 
gue.  There  seems  to  be  little  advantage,  for  instance, 
in  designing  a  controller  which  can  be  operated  with  a 
single  hand  if,  in  fact;  such  operation  overtaxes  the 
single  hand  and  at  the  same  time  leaves  the  remaining 
hand  and  the  feet  without  assigned  tasks. 

(5)  What  man/control  coupling  configuration  is  to  be  assigned 
to  each  axis  of  command  and  control? 

Again  there  are  several  factors  involved.  The  first  is 
operator  comfort.  This  factor  will  have  to  be  rated  in 
terms "of  the  force,  motion,  stress,  confidence,  and  work¬ 
load  levels  previously  discussed.  The  second  factor 
again  involves  the  extent  of  the  adaptive  processes  re¬ 
quired.  As  an  extreme  example,  it  might  he  entirely 
possible  to  design  a  controller  which  could  be  repre¬ 
sented  by  a  typewriter  keyboard  which  is  coupled  to  a 
digital  computer  for  manual  instructions.  '  However,  it 
seems  ridiculous  to  design  a  flight  control  system  which  • 
requires  of  the  operator  a  degree  of  coordination  similar 
to  that  of  a  typist  or  piano  player,  if  a  system  could  be 
designed  which  would  permit  the  degree  of  coordination 
available  in  a  truck  or  automotive  driver  to  be  put  to  use 
without  additional  training.  The  third  factor  involves 
physical  cross-coupling  between  the  man  and  the  machine. 
Again,  one  of  the  problems  in  the  past  has  been  that  a 
suitable  single  mechanization  scheme  has  not  been  devised 
which  is  completely  compatible  with  the  mechanical  articu¬ 
lation  of  all  the  human  wrist  and  elbow  joints. 
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(6)  What  are  the  operational  performance  characteristics? 

Several  operational  features  have  been  identified  and 

merit  discussion  here. 

(a)  Zero-detent:  It  has  been  assumed  that  it  would' be 
desirable  for  the  operator  to  be  able  to  place  the 
controller  in  a  neutral  or  zero-detent  position, 
without  visual  reference  to  the  controller  position. 
This  requirement  implies  that  either  a  mechanical 
detent  must  be  provided  or  some  alternative  scheme 
must  be  provided  for  indicating  the  neutral  position 
to  the  pilot.  One  alternative  considered  .would  be  a 
force  or  displacement  threshold  or  perhaps  a  combin¬ 
ation  of  the  two.  If  the  force/motion  threshold 
scheme  is  pursued  questions  arise  as  to  whether  this 
threshold  should  be  optimized  with  respect  to  the 

95  percentile  pilot  and  fixed,  or  if  it  should  be 
individually  adjustable  for  each  operator.  If  fixed, 
the  breakout  force  or  stiction  must  be  defined,  and 
if  operator  adjustable  the  range  of  breakout  forces 
over  which  the  controller  adjustment  will  be  operable 
must  be  defined.  Additionally,  questions  regarding 
the  quality  and  type  of  deadband  sensitivity  must  be 
resolved.  Past  schemes  have  employed  segmented  or 
hat-shaped  response  curves  in  the  area  of  the  dead¬ 
band.  However,  it  is  possible  that,  a  parabolic  or 
cubic  response  curve  may  be  more  desirable.  There 
have  also  been  questions  about  electrical  outputs  at 
the  mechanical  null.  Concepts  which  provide  zero 
electrical  output  at  the  mechanical  null  often  are 
plagued  with  sensitivity  problems  about  the  electri¬ 
cal  null.  It  may  be  desirable  to  bias  the  electri¬ 
cal  signal  so  that  there  is  a  finite  voltage  output 
for  all  positions  of  the  controller. 

(b)  Postion-hold:  A  requirement  has  been  generated  that 
the  controller  employ  some  type  of  brake  or  clutch 
mechanism  which  will  hold  the  commanded  position  of 
the  controller  even  when  the  hand  is  removed.  Such 
a  mechanism  should  be  sufficient  to  hold  this  posi¬ 
tion  against  inadvertent  actuation  of  the  controller 
by  the  operator.  However,  emergency  breakaway  forces 
must  be  considered  in  the  event  that  the  brake  or 
clutch  mechanism  jams  and  can  not% be  released.  The 
controller  should  be  no  more  difficult  to  operate  in 
this  case  than  is  a  conventional  hydraulically 
boosted  mechanical  control  system  when  the  hydraulic 
boost  fails.  An  additional  question  has  been  gener¬ 
ated  concerning  the  requirements  for  a  two-speed  or 
vernier  control  which  will  permit  fine  control  around 
some  nominal  value  during  particular  control  tasks. 
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(c)  •  Force-feel:^  The  questions  regarding  the  requirement 

for  force-feel  already  have  been  discussed.  If  it 
is  shown  that  force-feel  cueing--is  required  then  one 
must  ask  if  this  is  a  gradient  force-feel  system  or 
a  fixed  force  system;  and  if  gradient,  should  the 
gradient  be  operator  adjustable,  variable  or  pro¬ 
grammed  as  a  function  of  some  coparameter  such  as 
velocity  or  acceleration.  Again  if  fixed-force  is 
considered,  should  it  be  optimized  for  the  95  per¬ 
centile  and  fixed,  or  should  it  be  operator  adjust¬ 
able?  If  variable  or  programmed  force-feel  is  used, 
to  what  extent  should  the  operator  be  able  to  control 
the  constants  of  the  force-feel  programming?  Also  if 
programmed  force-feel  is  used,  should  the  program¬ 
ming  be  automatic  by  task  (such  as  a  loose  control 
for  taxi  and  a  highly  damped  control  for  flying)  or 
should  it  be  s^lf-adaptive  control,  which  is  highly 
expensive  to  implement?  In  all  probability  some 
form  of  controller  damping  will  be  required.  Should 
this  damping  be  dry,  viscuous,  inertial,  electrical 
or  mechanical?  Also  can  a  two-handed  controller  be 
devised  whereby  the  human  itself  may  provide  a 
damping  factor  for  the  controller. 

(d)  Types  of  mechanization:  From  the  outset  force  con¬ 
trols  were  deemed  undesirable  because  it  was  shown 
in  the  early  1900s  by  Woodworth  that  the  human 
operator  is  able  to  control  motion  or  displacement 
with  much  greater  ease  and  accuracy  than  he  is  force. 
Consequently  a  motion  or  displacement  controller 
seems  the  most  probable  candidate  for  continuous 
control  functions.  However,  discrete  controls  also 
must  be  considered  for  the  semi-discrete  or  discrete 
functions  which  must  be  accomplished  by  the  opera¬ 
tor.'  In  all  probability,  a  combination  of  displace¬ 
ment  and  discrete  controls  would  be  used  in  an  ad¬ 
vanced  controller  concept. 

(e) T  Loading  and  stress:  Consideration  of  normal  loading 

and  stress  is  part  of  all  good  engineering  design 
practice.  In  addition,  ultimate  stress  loads  for 
the  vehicle  in  which  the  controller  is  employed  must 
be  considered.  One  must  ask  if  the  system  must  work 
if  these  ultimate  stress  loads  are  exceeded.  In 
addition,  for  sidea^rm  controllers,  one  must  consider 
the  type  of  stress  loading  that  will  result  when  a 
maintenance  man  kicks  or  stands  on  a.  controller  to 
reach  outside' the  aircraft  to  polish  a  windshield. 

The  extent  to  which  advanced  controllers  will  be 
subjected  to  accidental  damage  must  be  considered. 
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(f)  Environmental  considerations:  Perhaps  the  most  im¬ 
portant  environmental  consideration  in  helicopters 
is  that  of  vibration.  Both  self-induced  and  pilot- 
induced  oscillations  must  be  considered.  In  the 
past  it  has  been  considered  desirable  from  the  human 
factors  standpoint  that  the  controller  axes  be 
oriented  the  same  as  the  axes  of  control;  that  is, 
an  operator  pushes  a  throttle  forward  to  cause  an 
aircraft  to  go  forward  and  pulls  a  thrust  control 
lever  up  to  get  the  aircraft  to  go  up.  Such  orien¬ 
tation  permit  maximum  coupling  of  the  controller 
with  the  aircraft  response  in  the  axis  involved. 

One  possible  means  of  reducing  or  circumventing  these 
types  of  oscillations  might  be  to  locate  the  control¬ 
ler  axis  orthogonally  to  the  axis  of  response.  Other 
environmental  factors  for  controllers  include  temper¬ 
ature,  moisture,  corrosion  and  dust.  The  range  of 
each  of  these  environmental  factors  to  which  the 
controller  is  to'  be  exposed  must  be  determined  and 
the  allowable  sensitivity  to  these  factors  defined. 

(g)  Limits  of  control  parameters:  For  each  of  th.e  con¬ 
trol  parameters  identified  under  question  (1) 
above,  the  range  of  operation  must  be  determined  and 
the  absolute  limits  established  beyond  which  opera¬ 
tion  of  the  aircraft  is  unsafe. 

(h)  Limits  of  authority:  Studies  must  be  conducted  which 
define  exactly  how  much  authority  can  be  exercised 

by  both  the  hardware  system  and  by  the  pilot,  and  the 
question  must  be  answered  as  to  how  much  override 
capabilty  must  be  provided  for  the  pilot.  It  is  as¬ 
sumed  that  in  emergency  situations  the  pilot  will 
require  authority  over  100%  of  the#  normal  range  of 
the  control  parameter,  and  in  addition  may  require 
the  capability  to  exceed  parametric  limits  at  his 
discretion. 

(i)  Transfer  functions:  The  gain,  scaling  and  dynamic' 
response  of  each  control  channel  to  operator  inputs 
must  be  determined'.  In  addi  tion  ,  •  f  or  each  flight 
control  system  under  consideration,  decisions  must  be 
made  as  to  whether  the  transfer  functions  shall  be 
part  of  the  controller  itself,  part  of  the  peripheral 
equipment  to  which  the  controller  is  attached,  or  if 
these  functions  shall 'be  shared  between  the  two. 
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(7)  What  mechanization  embodiments  are  available  for 
consideration? 

Review  of  the  patents  previously  identified  suggest  many 
possible  mechanical  coupling  schemes.  Some  of  the  more 
common  are  shafts  and  levers  (rotational,  bending  moment, 
and  linear  motion),  pantographs,  multiple-point  parallel 
suspensions,  gears  (direct  drive,  rack  and  pinion,  and 
bevel) ,  belts  and  pulleys  (toothed  and  untoothed) ,  flexi¬ 
ble  cables,  sprockets  and  chains,  fluidics  (hydraulic  and 
pneumatic),  and  optical.  Most  of  these  mechanizations 
can  be  coupled  to  any  of  the  following  electrical  trans¬ 
ducers:  digital  (direct,  absolute  encoded  and  incre¬ 

mentally  encoded),  resistive  (strain  gage,  potentiometer, 
and  piezzo-resistive) ,  inductive  (LVDT,  RVDT,  synchro 
resolver  and  inductive  potentiometer) ,  capacitive 
(variable  capacitor  and  demodulator),  photoelectric,  and 
Hall  effect  devices.  Each  mechanization  scheme  for  coupl¬ 
ing  the  mechanical  control  inputs  to  electrical  trans¬ 
ducers  presents  its  own  cross-coupling  problems  and  must 
be  trade-studied  individually.  Electrical  input  and 
output  formats  for  the  electrical  transducers  must  be 
considered.  AC,  DC,  pulse  or  digital  forms  are  available 
and  the  amplitude,  regulation,  frequency,  phase  shift 
sensitivity,  sampling  rate,  word  length,  and  coding  must 
be  considered  along  with  long  and  short  term  repeati- 
bility,  the  minimum  acceptable  signal/noise  ratio,  and 
the  response  times.  Consideration  of  output  character¬ 
istics  should  include  resolution,  linearity  and  the 
capability  for  null  offset.  In  order  to  clarify  the  null 
offset,  suppose  a  pilot  has  commanded  the  neutral  detent 
position  with  his  controller  and  expected  this  command 
to  produce  some  steady  state  condition  in  the  flight  con¬ 
trol  system,  such  as  a  hands-off  hover  in  a  helicopter. 

If  the  steady  state  is  reached'  and  the  helicopter  is  in 
fact  not  hovering  but  is  drifting,  should  some  provision 
be  made  in  the  controller  whereby  the  pilot  c£>n  trim  out 
the  drift  or  offset  the  null. 

(8)  What  signal  processing  is  required? 

The  answer  to  this  question  depends  primarily  on  the  defi¬ 
nition  of  the  flight  control  system  to  which  the  controller 
will  be  coupled.  In  some  flight  control  systems  it  may 
be  possible  to  couple  the  controller  directly  to  the 
dynamic  system  elements.  In  other  systems,  considerable 
mixing  and  shaping  might  be  required  before  the  signal  is 
presented  finally  to  the  dynamic  flight  control  elements. 
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(9)  What  other  general  considerations  exist? 

(a)  Reliability:  A  numerical  value  for  the  flight. 

safety  reliability  of  an  advanced  controller  will 
have  to  be  determined.  It  does  not  seem  unreason¬ 
able  to  require  that  failures  shall  not  be  more 
frequent  than  one  per  one  hundred  thousand  flight 
hours  (reliability  =  0.999,99  for  one  hour  flight). 

The  reliabilities  of  individual  elements  comprising 
the  advanced  flight  controller  will  have  to  be  con¬ 
sidered  in  order  to  determine  the  redundancy  levels 
required  to  provide  the  overall  reliability  for  the 
controller.  In  addition  the  redundancy  configura¬ 
tion  of  the  flight  control  system  to. which  the  con¬ 
troller  will  be  coupled  must  be  considered  to  assure 
that  suffipient  levels  of  redundancy  are  provided  to 
>  make  it  compatible  with  the  flight  control  system. 

Requirements  for  Built  In  Test  Equipment  (BITE)  will 
have  to  be  determined,  particularly  as  applies  to 
'  the  monitoring  of  subsystem  element  performance, 
detection  of  element  failure,  switching  to  unfailed 
elements ,  advising  the  operator  as  to  what  portions 
of  the  controller  have  failed,  and  those  BITE  fea¬ 
tures  required  for  pre-  and  post-flight  operational 
and  maintenance  testing. 

(b)  Packaging  Configuration 

The  total  weight  and  volume  of  advanced  flight  con¬ 
trollers  should  be  kept  to  the  minimum  practicable 
values.  Individual  dimensions  which  are  not  dictated 
by  human  factors  considerations  also  should  be  kept 
to  a  minimum.  The  size  and  configuration  of  required 
electrical  connectors  will  have  to  be  considered  as 
will  the  psychological  appeal  of  the  design.  The 
fact  that  an  advanced  controller  is  designed  for 
military  application  should  not  preclude  considera¬ 
tion  of  color  and  other,  asthetic  features  in  the 
design  of  the  equipment,  unless  such  considerations 
significantly  reduce  the  cost  effectiveness  of  the 
controller . 

(c)  Cost 


An  extrapolated  curve  of  projected  controller  costs 
was  presented  in  Figure  5. 
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(d)  Producibility 

The  state  of  development  and  procurability  of 
components  used  in  developing  advanced  side  arm 
controllers  must  be  considered  in  light  of  their 
effects  on  the  overall  development  and  delivery 
schedule.  Non-recurring  engineering  costs  for 
production  controllers  is  estimated  to  be  in  the 
vicinity  of  $100,000  and  it  is  expected  that  a 
minimum  development  time  of  eight  months  will  be 
involved  after  delivery  of  a  detailed  specifica¬ 
tion.  Production  rates  probably  will  vary  as  a 
function  of  the  quantity  of  controllers  involved. 
An  extrapolation  of  projected  production  rates 
is  presented  in  Figure  8- 

(e)  Safety 


In  addition  to  the  ingress  and  egress  requirements 
already  stated,  the  effect  of  inadvertent  control, 
over— control  and  under— control  must  be  considered 
in  the  development  of  advanced  controller  concepts. 

(f)  Vulnerability 

Vulnerability  of  advanced  controllers  through 
accidental  damage  already  has  been  mentioned. 

In  addition,  the  vulnerability  of  advanced  con¬ 
trollers  through  overt  enemy  action  in  combat  • 
must  be  considered. 

(g)  Maintainability 

Many  factors  have  been  included  here  under  the 
maintainability  concepts.  Among  these  are  the 
adaptability  of  the  advanced  controller  config¬ 
urations  to  existing  and  projected  flight  control- 
systems.  Secondly,  there  is  the  interchangeability 
of  advanced  controllers  between  different  flight 
control  systems  and  between  different  aircraft 
employing  the  same  control  systems.  Thirdly, 
comes  rep lace ability ,  which  is  a  measure  of  the 
time  and  effort  required  to  replace  an  advanced 
controller  in  an  aircraft  in  toto.  Fourth,  there 
is  reparability  which- is  the  time  and  effort  in¬ 
volved  in  repairing  an  item  and  consideration  of 
the  maintenance  level  at  which  the  repair  is 
performed.  And  lastly,  there  is  the  supplyability 
which  is  the  logistics  problem  involved  in  sup¬ 
plying  replacement  advanced  controllers  to  an 
operating  unit.  All  of  these  "abilities"  must  be 
considered  in  the  ^design  of  an  advanced  controller 
concept. 
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(h)  Electromagnetic  Compatibility  and  Radio  Magnetic- 
Interference 

In  electrical  advanced  controller  concepts,  con¬ 
sideration  must  bo  given  to  the  susceptibility 
of  the  controllers  to  external  and  environmental 
electromagnetic  disturbances  as  well  as  to  the 
suppression  of  any  tendency  in  the  controller  to 
generate  electromagnetic  disturbances. 

(i)  Interface  Requirements 

Tooling  requirements  associated  with  advanced  con¬ 
troller  concepts  already  have  been  discussed.  In 
addition  to  the  controller  hardware  itself,  addi¬ 
tional  hardware  considerations  would  include  the 
hardware  required  for  installation,  checkout, 
maintenance,  and  training  associated  with  the 
advanced  controller.  This  would  include  consid¬ 
eration  of  both  the  tools  and  any  additional 
ground  support  equipment  required.  If  the  advanced 
controller  operates  in  conjunction  with-  a  central 
digital  computer,  one  must  also  consider  the 
application  of  software  techniques  to  the  cali¬ 
bration,  phase  shift  compensation,  transient 
'compensation,  reliability,  and  maintenance  con¬ 
cepts  of  the  advanced  controller.  If  the  intro¬ 
duction  of  advanced  controller  concepts  affects 
maintenance  and  training  facilities,  the  space 
and  requirements  for  these . facilities  must  be 
considered.  In  addition,  the  basic  skills  and 
additional  training  required  for  operational, 
maintenance  and  training  personnel  must  be 
evaluated.  Finally,  the  introduction  of  advanced 
controller  concepts  probably  -will  require  the 
generation  of  additional  procedural  information, 
including  operational,  maintenance,  and  training 
manuals . 

(10)  What  additional  problems  are  incurred  with  a  dual  in¬ 
stallation? 

Several  questions  have  arisen  concerning  installation 
■of  two  or  more  advanced  controllers  in  the  same 
aircraft.  The  first  of  these,  and  perhaps  the 
most  important,  involves  the  question  of  remote  following 
capability.  In  purely  mechanical  flight  control  systems 
it  is  conventional  for  the  inactive  controller  to  move 
to  the  same  position  occupied  by  the  active  controller, 
thereby  eliminating  any  requirement  for  reorientation 
of  the  controls  when  transfer  is  negotiated  from  one 
pilot  to  another.  In  advanced  flight  control  systems 
employing  fly— by— wire  techniques  the  implementation  of 
such  a  remote  following  capability  becomes  more  difficult 
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and  indeed  the  requirement  for  such  a  capability 
should  be  re-evaluate'd .  The  second  question  centers 
about  the  characteristics  of  the  controllers  during 
the  period  of  transferring  authority  from  one  pilot 
to  another.  Many  operators  feel  that  the  activation 
of  a  transfer  switch  to  effect  ^transfer  from  one  pilot 
to  the  other  is  improper,  in  that  often  emergency 
conditions  do  not  afford  sufficient  time  to  activate 
such  a  switch.  In  cases  where  both  operators  are 
trying  to  operate  the  controls  simultaneously,  a 
question  exists  as  to  who  is  in  command.  In  the  case 
of  mechanical  control  systems  it  is  simply  a  case  of 
the  strongest  man  wins,  however,  the  same  is  not  true 
in  fly-by-wire  or  electrical  control  systems.  There¬ 
fore,  a  system  of  override  or  priority  logic  must  be 
devised.  Every  possible  technique  must  be  evaluated 
and  trade  studied  to  minimize  the  transients  which 
occur  when  transfer  from  one  pilot  to  another  is 
effected.  Finally,  changes  in  reliability  requirements 
should  be  examined  for  the  dual  installation.  It  is 
possible  that. with  two  pilots  and  two  controllers  the 
reliability  requirements  per  controller  might  be 
relaxed.  However,  if  the  controller  is  intended  for 
universal  application,  it  seems  highly  unlikely  that 
controllers  would  be  built  with  two  different  reli¬ 
ability  design  goals. 

To  date,  only  one  of  the  foregoing  questions  has  been 
treated  in  this  division  to  any  depth.  An t investigation 
of  the  characteristics  of  possible  transducers  for 
application  to  an  advanced  controller  concept  was  con¬ 
ducted  and  reported  (Reference  28) .  Historically,  the 
most  popular  transducer  scheme  has  involved  the  employ¬ 
ment  of  precision  potentiometers.  However,  the  afore¬ 
mentioned  study  indicated  that  the  most  suitable  devices 
from  the  standpoint  of  cost  and  reliability  were  synchros 
and  resolvers.  It  was  pointed  out  that  both  of  these 
devices,  however,  do  not  lend  themselves  to  compact 
multiple  packaging.  Direct  digital  encoding  was  con¬ 
sidered  too  costly  but  a  trade  study  was  recommended 
to  determine  which  was  less  costly,  direct  digital 
encoding  or  synchro  resolvers  plus  the  required  analog 
to  digital  conversion,  in  the  cases  where  a  central 
digital  computer  was  involved.  It  also  was  recommended 
in  the  study  that  solid  state  strain  gages  or  piezzo- 
resistive  devices  be  explored  to  see  if  the  state-of- 
the-art  would  permit  development  without  great  expendi¬ 
tures  in  the  areas  of  development  and  manufacturing. 
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CURRENT  STATUS 
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Safety  -  Presenting  .the  least  hazard  or  number  of  hazards 

to  ingress,  egress,  and  during  crash. 

In  addition,  existing  human  factors  standards  were  used  in  an 
initial  attempt  to  define  angular  motion  limitations  of  the  manual 
appendages.  They  are  as  follows. 

1.  Forearm  -  81°  in  supination,  56°  in  pronation,  oriented 
12°  off  center. 

2.  Wrist  -  73°  in  dorsif lexion,  72°  in  palmarf lexion, 
oriented  0°  off  center. 

3.  Wrist  -  13°  in  radial  adduction,  36°  in  ulnar  abduction, 
oriented  25°  off  center. 

Unfortunately  these  efforts  were  terminated  before  completion  be¬ 
cause  available  resources  were  required  for  higher  priority  efforts. 

Outside  the  company  the  only  other  active  major  efforts  are. those 
of  the  USAFFDL  and  USAAVLABS .  The  USAFFDL  dual  side  arm  controller 
demonstration  program  in  the  Cornell  variable  stability  A-26 .was 
discussed  previously.  The  original  4-axis  side  arm  controller  de¬ 
veloped  by  AVLABS  has  been  assigned  to  CAE  Industries  in  Montreal, 
Canada.  It  is  the  intent  of  CAE  Industries  to  modify  the  mechani¬ 
zation  for  the  purpose  of  improving  the  engineering.  It  is  also 
CAE  Industries'  intent  to  take  special  precautions  to  insure  that 
the  original  control  philosophies  represented  by  this  controller 
configuration  are  preserved.  In  addition,  AVLABS  has  negotiated  a 
contract  with  the  Norair  Division  of  Northrop  Corporation  for  the 
development  and  simulation  of  a  six-axis  side  arm  controller.  This 
controller  configuration  was  developed  primarily  as  an  investi¬ 
gative  tool  to  assist  in  defining  advanced  controller  operational 
requirements  and  characteristics.  The  development  an<i  simulation 
program  is  being  monitored  by  flying  and  engineering  personnel  from 
both  Boeing-Vertol  and  CAE  Industries,  as  well  as  those  from  AVLABS. 
The  writer  had  the  opportunity  to  operate  the  Norair  controller 
for  a  limited  time  in  the  Norair  point-light  source,  3-axis  rota¬ 
tional,  flight  simulator.  Experience  was  gained  with  the  controller 
coupled  to  the  simulator  and  coupled  only  to  a  recording  oscillo¬ 
graph.  The  limited  extent  <3f  exposure  precludes  very  definitive 
comments.  Generally  speaking,  inter-axis  cross-coupling  was  experi¬ 
enced  in  most  of  the  areas  anticipated.  While  the  Norair  controller 
represents  a  very  good  first  attempt  at  a  multi-axis  side-arm 
controller  engineering  model,  I  could  find  nothing  to  indicate 
sufficient  inherent  naturalness  or  simplicity  to  justify  this  con¬ 
troller  as  a  candidate  replacement  for  conventional  helicopter 
controls.  However,  it  must  be  realized  that  this  model  was  in  the 
embryonic  stages  and  it  is  expected  that  continued  exposure  will 
result  in  improvement  in  this  model. 
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CONCLUSIONS 


Review  of  all  the  information  presented  previously  gives  rise  to 
three  major  questions :  1)  Is  an  advanced  controller  configuration 

operationally  desirable;  2)  If  operational  requirements  for  an  I 

Hr'  n°nt^0llf  Can.bS  defined'  can  a  configuration  be  conceived 
which  will  not  only  satisfy  these  requirements  but  also  will  be 

Un^VwfSal  eno?gh  in  its  applicability  to  make  it  acceptable  and 
saiabie  to  piiots,  and  3)  If  a  desirable  and  salable  configuration 
can  be  design^,  can  it  be  mechanized?  Other  than  general  require- 
anH  L/r  improved  cockpit  visibility,  improved  ingress  and  egress,  i 
duced  cockpit,  legalization ,  no  definitive  advanced  controlled 
requirements  have  been  generated.  Therefore,  it  seems  reasonable 
to  assume  that  the  present  controllers  will  be  at  least  minimally 
atisfactory  until  such  time  as  some  new  configuration  is  rated 
better  by  the  operators  by  some  individual  standard  of  betterness. 
bubsequentiy  the  major  engineering  management  question  arises  as 
to  whether  industry  should  wait  for  the  user  to  define  new  or  addi¬ 
tional  operational  requirements  for  improved  controllers  or  under- 

°wn/n'house.  funded  research  and  development  programs  with  i 
the  intent  of  conceiving  a  better  controller  configuration,  buildinJ 
models  and  exposing  them  to  operator  evaluation  with 

thSy-  j111  bS  ratSd  better  than  existing  controls.  In 
rder  to  obtain  guidance  and  subsequently  to  enable  meaningful 
recommendations  to  management,  the  user  market  was  surveyed  in  an 
-  emPt  to  determine  just  where  within  the  man-machine  interface 
a  division  such  as  Boein^-Vertol  should  be  investing  its 

Wat^onbinrqrnSeSrCh  nA  slgnif  icant  clue  was  given  by  Colonels 

atson  and  Dunham  at  the  1968  Forum  of  the  AHS.  In  analyzing  U.S. 

Army  helicopter  operations  in  Vietnam,  man-machine  interface  prob¬ 
lems  were  summarized  best  in  the  statement,  "A  great  deal  of  work 
needs  to  be  done  in  the  area  of  cockpit  comfort  and  location  of 
equipment.  As  indicated  by  the  suggestions,  we  still  are  experi- 
encmg  tar  too  many  pilot  squawks  in  the  cockpit  area  and  many  of 
them,  have  a  safety  connotation."  These  and  other,  experienced  heli¬ 
copter  pilots  have  made  statements  to  the  effect  that,  "We  have  the 
same  damn  problems  now  we  had  20- years  ago",  and  "we  are  still  • 

olth  V*  11  cockpits".  I  think  there  is  no  question  about'  ‘ 
nob  C°?pit  1.mProvementS  are  needed.  There  are,  however, 
questions  as  to  what  improvements  are  needed  and  who  is  to  make 

,™‘f,  er  ainlY  the  user  should  define  the  requirements  and  eval- 
.  •  • e  end  Product  to  assure  that  the  requirements  have  been 

to  Dprfnrm  cwever ,  the  Uaer  seld°ni  has  the  engineering  facilities 
the  analyses,  simulation  and  construction  of  conceptual 
pr°duce  end  product.  Most  prime  aerospace 

system  manufacturers  depend  highly  on  GFE  in  the  cockpit  area  and 

hlrdtlrt  r  n0t <-htC°T  involved  in  the  production  of  component 

hardware.  Component  hardware  manufacturers  seldom  possess  the 

toqnrSnnin£Wledg?  °f_syste®s  operations  and  total  system  details 
to  produce  a  completely  satisfactory  end  product  without  many  design 


SHEET,  66 


form 


THE 


COMPANY 


NUMBER  D8-2424-1 
REV  LTR 


iterations.  Consequently,  it  appears  to  the  writer  that  only  the 
prime  system  manufacturer  has  the  combined  system  knowledge  of 
operation,  engineering,  manufacturing  and  evaluation  required  to 
understand  all  the  implications  and  realize  all  the  advantages 
associated  with  improved  man-machine  interface.  In  order  to  deter¬ 
mine  just  what  efforts  promised  most  productive  results,  represen¬ 
tatives  of  the  Army's  AVLABS,  HumRRO,  ECOM,  CDC,  USABAAR,  APG;  the 
NASA's  Langley,  ERC ,  NSC;  the  USAF ' s  AFFDL ;  and  the  USN's  NASC • 
were  interviewed  pertinent  to  projected  man-machine  requirements. 
The  following  requirements  were  common  to  all  organizations: 

o'  Increased  IFR  capability 

o  Reduced  training 

o  Decreased  pilot  workload 

o  Reduced  probability  of  accidents 

o  Increased  standardization 

When  Boeing-Vertol ' s  pilot  population  was  questioned  regarding  how 
these  goals  might  be  attained,  the  following  suggestions  were 
offered  by  19  pilots  having  a  cumulative  pilot  experience  of 
approximately  67,500  hours: 

o  45%  -  Improve  instruments,  indicators  or  displays 

o  27%  -  Improve  cockpit  integration  through  correlated 

controls  and  displays 

* 

o  28%  -  Miscellaneous  other  cockpit  improvements. 

In  response  to  specific  questions  pertinent  to  cockpit  controls,  th 
following  suggestions  were  offered: 

o  52%  -  Leave  primary  flight  controller  configuration 

as  is,  but  make  other  cockpit  control  improve¬ 
ments  (e.g.,  force-feel,  etc.) 

o  26%  -  Make  no  changes  in  present  cockpit  controls. 

They  are  satisfactory  as  they  are. 

o  22%  -  Miscellaneous  other  controller  configuration 

improvements . 
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RECOMMENDATIONS 

The  material  presented  herein  and  the  experience  gained  during  the 
assimilation  of  this  material  indicate  that  a  major  factor  influ¬ 
encing  recommendations  fo t  future  activity  is  this  division's  com¬ 
mitment  of  research  and  development  resources  to  the  improvement  of 
man-machine  interface  in  future  division  products .  Unless  commit¬ 
ments  are  sufficient  to  produce  significant  results,  the  following 
recommendations  are  meaningless. 

If,  on  the  other  hand,  division  engineering  management  commits  sig¬ 
nificant  research  and  development  resources  to  the  improvement  of 
man-machine  interface,  the  following  recommendations  are  offered  as 
guidance  in  the  pursuit  of  such  activities: 

(1) 

Available  IR&D  resources  should  not  be  expended  on 
the  development  of  advanced  controller  concepts 
because: 

(a)  It  is  doubtful  that  the  division  can  provide 
sufficient  resources  to  achieve  a  technical 
breakthrough  in  universally  applicable  con¬ 
trollers  within  a  meaningful  time  frame. 

• 

(b)  The  salability  of  a  revolutionary  advanced 
controller  concept  to  experienced  pilots 
is  questionable. 

(2) 

Available  IR&D  resources  should  be  allocated  as 
follows  in  pursuing  improvement  in  man-machine 
interface : 

(a)  45%  to  the  research  and  development  of  advanced 

cockpit  instruments  and  displays. 

(b)  30%  to  the  development  of  improved  cockpit 

integration. 

(c)  25%  to  the  development  of  promising  improvements 

to  existing  MIL-SPEC  controllers  and  adaptation, 
if  necessary,  of  such  controllers  to  make  them 
compatible  with  fly-by-wire  systems. 

(3) 

In  keeping  with  objectives  of  paragraph  (2c)  above, 
customer  funded  R&D  programs  for  controller  development 
and  improvement  should  be  pursued  for  the  purposes  of: 

(a)  Improving  customer  relations,  and 

• 

(b)  Maintaining  division  technology  in  the  area  of 
cockpit  controllers. 
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-  .  APPENDIX  A 

PRELIMINARY  GENERAL  DESCRIPTION  OF  A 
FOUR-AXIS  SINGLE  SIDE-ARM  CONTROLLER 


(Note:  This  is  not  a  specification.  It  is  a  general  description  tc 

be  used  for  cost  estimating  purposes  only.) 


1.  May  sense  either  force  or  motion  (motion  preferred) . 

2.  Will  conform  to  general  configuration  shown  in  Figure  1. 

3.  Must  contain  four  axes  which  develop  independent  electrical 
signals  proportional  to  the  force  or  motion  applied  to  any 
axis,  either  individually  or  in  combination,  as  follows: 

a.  Rotation  of  the  T-handle  about  its  own  lateral  (y) 
axis  produces  an  electrical  output  proportional  to 
angular  displacement  (force) .  Limits  of  rotation  - 
+40°  from  an  x-y  plane  oriented  10°  nose  down 

(+20  in-lb  force) 

b.  Rotation  of  the  T-handle  about  its  own  vertical  (z) 
axis  produces  an  electrical  output  proportional  to 
angular  displacement  (force) .  Limits  of  rotation  - 
+30°  from  an  x-z  plane  oriented  10°  nose  down 

left  (+15  in-lb  force) 

: 

I 

c.  Translation  of  the  controller  along  the  aircraft 

longitudinal  (fore-and-aft)  axis  produces  an  electrical 

signal  proportional  to  displacement  (force) .  Limit  of 

+  8  •  j 

translation  -  _ ^  inches  from  neutral  z-axis  (+20  lb  forcel 

d.  Translation  of  the  controller  along  the  aircraft's 
lateral  (side-to-side)  axis  produces  an  electrical 
output  proportional  to  displacement  (force) .  Limits 
of  translation  -  +2  inches  from  neutral  z-axis 

(+20  lbs  force) . 

4.  Input  power: 

Voltage  -  one  of  the  following : 

*28VDC  (*In  the  CH-47,  DC  Power  is  not  as  well  regulated 
as  AC  Power) 

26  VAC,  400  hz,  l<j, 

115  VAC,  400  hz,  lcf. 

Current  -  30ma/axis/channel  maximum 
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o  . 


7, 
8  , 


10 


11, 


12 


13, 


14 


Output  signal  formats  -  one  of  the  following:  - 

DC  Analog 
AC  Analog 
Synchro 

Digital  Serial 

Load  Impedance  -  1000  ohms/axis/channel  mihimum 

Breakout  forces  -  1  in-lb  in  rotational  axes 

1-  lb  in  force  or  translational  axes 

Must  have  neutral  detent  which  can  be  sensed  through  feel. 

Ultimate  load  -  400  lbs  in  any  direction  distributed  over 
1  sq.in.  area 

Physical  requirements: 

Weight  -  18  lbs  maximum 

Width  -  5-3/4  inches  (standard  track  width) 

Length  -  12  inches  maximum 
Depth  -  9  inches  maximum 
Environmental  Capability 

MIL-T-5422  (refer  to  Curve  III  for  vibration) 

MIL-I-6181  for  RFI 

Flight  Safety  Qualification  Required  -  Full  Production 
.Qualification  not  Required.  v- 

Reliability  -  as  a  series  element,  it  must  provide  sufficient 
redundancy  to  assure  functional  reliability,  of  .999,999,999,846] 
for  a  1-hour  mission.  It  shall  be  at  least  triply  redundant. 

Must  have  capability  to  follow  a  remotely  located  controller 
operating  in  parallel. 

Must  have  clutching  mechanism  which  is  thumb  or  heel-Qf-hand 
actuated  to  move  controller.  When  disengaged,  controller  will 
have  breakout  forces  greater  than  25  in-lb  in  rotational  axes 
and  30  lb  in  force  or  translational  axes. 

Will  have  the  capability  to  produce  synthetic  feel  proportional] 
to  force,  acceleration  (g) ,  dynamic  pressure  (q) ,  or  other 
electrical  analogs  (only  one  analog  will  be  used  per  channel 
for  synthetic  feel  generation;  however  these  quantities  may 
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be  mixed  in  the  central  computer  ‘and  a  single  drive  signal 
derived,  if  this  is  found  to  be  desirable  from  the  human 
factors  standpoint) . 


Note:  All  forces  and  displacements  are  nominal  in  value 

and  subject  to  change,  dependent  upon  results  of 
simulation  and  flight  tests. 

Alternate  Controller 

As  an  alternate,  consider  a  controller  which  meets  all  of* 
the  above  requirements,  except  for  paragraph  3,  which  may 
be  replaced  with  paragraph  3^  which  follows. 

3^  -  Must  contain  three  axes  which  develop  independent 
electrical  signals  proportional  to  the  force  or  motion 
applied  to  any  axis,  either  individually  or  in  combination 
as  follows : 


a.  Same  as  3a  above. 

t 


Rotation  of  the  T-handle  about  its  own  longitudinal  (x) 
axis  produces  an  electrical  output  proportional  to 
angular  displacement  (force).  Limit  of  rotation  -  +30° 
from  an  x-y  plane  oriented  30°  up  on  the  left  (thumb) 
side. 


c.  Same  as  3c  above. 

d.  Not  applicable. 

In  addition,  paragraph  13  does  not  apply. 


# 
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APPENDIX  B 

PROPOSED  DEVELOPMENT  FOR  A  TAGS  CONTROLLER 


One  of  the  major  areas  of  emphasis  in  this  program  will  be  the 
development  of  a  simple  and  effective  pilot's  controller.  Initial 
investigation  of  pilot's  controller  concepts  at  Boeing-Vertol  has 
shown  that  side-arm  controller  concepts  not  only  are  technically 
feasible  but  also  have  a  high  probability  of  pilot  acceptance. 

During  the  TAGS  program,  controller  concepts  will  be  reviewed  and 
evaluated,  with  particular  attention  directed  toward  development  of 
triply-redundant ,  Side-arm  controllers,  such  as  the  single  four-axis 
model,  shown  in  Figure  6-1.  Operational  objectives  will  be  con¬ 
sidered  carefully  in  establishing  controller  design  criteria.  The 
psychological  stresses  associated  with  maneuvers  requiring  adherence 
to  precise  flight  profiles,  such  as  instrument  approaches  and  accel¬ 
erated  transitions  in  restricted  corridors  of  high  density  traffic, 
should  be  reduced.  Flight  conditions  such  as  steep  approaches 
during  near-zero  visibility  and  flight  during  unstable  atmospheric 
conditions  require  continuous  manual  control  which  produces  physical 
fatigue.  Proper  pilot's  controller  design  can  minimize  this  type 
of  fatigue.  Also,  pilot's  confidence  can  be  promoted  through  the 
development  of  control-force  feel  to  effect  optimal  compatibility 
between  the  pilot  and  the  flight  control  system. 

Additional  objectives  are: 

(a)  Development  of  a  capability  for  retention  of  any 

selected  steady-state  flight  condition  with  a  minimum 
of  input  control  effort. 


(b)  Equalized  distribution  of  pilot  control  loads  over 
the  operational  flight  spectrum. 

(c)  Provision  for  sufficient  control  restriction  to  pre¬ 
clude  inadvertent  over-control,  while  at  the  same 
time  providing  sufficient  control  slippage  to  allow 
pilot  override  should  such  action  be  necessary. 

(d)  Provision  for  sufficient  logic  to  preclude  confusion 
between  pilot's  and  copilot's  command  inputs,  partic¬ 
ularly  during  periods  of  control  transfer  from  one 
pilot  to  the  other. 

• 

(e)  Minimization  of  the  pilot's  adaptive  processes  involved 
in  transitioning  from  vehicular  controllers  with  which 
he  is  familiar  to  advanced  flight  controllers.  *• 
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Rhe  development  of  a  satisfactory  controller  will  depend  highly 
pon  solution  of  anticipated  problems  in  the  areas  of  inter-axis 
crosstalk,  mechanical  suspension,  limitations  in  physical  flexure, 
mounting  restrictions,  and  force  loading.  Boeing- Vertol  proposes 
to  consider  several  alternative  control  methods  -before  final  selec-. 
tion  of  the  controller  configuration.  Investigations  will  include 
comparison  of  four-axis  single  side-arm,  three-and-one-axis  dual 
side-arm,  and  two-axis  dual  side-arm  controllers  as  well  as  other 
force,  rotational  and  linear  translational  control  devices. 

Based  on  results  of  laboratory  and  flight  simulator  evaluation  of 
the  three  experimental  models  of  different  controller  configura¬ 
tions,  one  configuration  will  be  selected  as  most  satisfactory  for 
further  refinement,  development  and  incorporation  into  TAGS. 

The  controller  will  be  designed  to  produce  independent  electrical 
signals  proportional  to  the  control  action  applied  to  its  axes, 
either  individually  or  in  combination.  It  is  anticipated  that  the 
signal  outputs  will  be  derived  from  linear  resistive  and/or 
inductive  devices  within  the  controller. 
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APPENDIX  C 


A  BIBLIOGRAPHY  OF  AVAILABLE 
TECHNICAL  LITERATURE  PERTINENT 
TO  CONTROLLERS  AND  CONTROL/ 
TRACKING  TASKS 
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